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The Supercell coater is a new development and represents a new concept coater which 
employs fluidizing air for quasi-continuous high-speed tablet coating. The main aim 
of this study is to improve understanding of the Supercell coater.  
 
Design of experiments (DoE) was used to identify and optimize critical process 
parameters for Supercell coating. Coat formation and changes to coat quality as 
coating progressed were also studied. In addition, x-ray fluorescence (XRF), Raman 
and near infra-red (NIR) spectroscopy were evaluated as process analytical 
technology (PAT) tools to monitor coat thickness development in the Supercell 
coating process. The quality of tablet coats produced using the Supercell coater and 
the conventional side-vented pan coater, and their ability to coat tablets containing 
moisture-sensitive drugs were additionally compared. As a quasi-continuous tablet 
coater, the Supercell coater is attractive for in-line tablet coating where tablets are 
immediately fed to the coater after compaction, circumventing the normal viscoelastic 
recovery storage period. In the last part of this study, the feasibility of in-line tablet 
coating was evaluated.  
 
The Supercell coating process could be optimized using DoE. Although Supercell 
coating cycles were very short, the Supercell coater was found to be robust and 
capable of consistently coating tablets with good quality attributes. XRF, Raman and 
NIR spectroscopy were valuable as rapid and non-destructive PAT tools for the 
monitoring of process efficiency and coat thickness development in the Supercell 
coating process. The Supercell coater was also able to coat tablets of comparable 
quality with respect to the pan coater. In addition, it was more suitable than the pan 
vii 
 
coater for the coating of tablets containing moisture-sensitive drugs such as 
acetylsalicylic acid (ASA). Less degradation of ASA was observed in Supercell 
coated tablets at the end of a storage period of 6 months under accelerated stability 
conditions. The Supercell coater was also found to be more suitable than the pan 
coater for in-line tablet coating. With judicious selection of tablet excipients and 
tableting, coating and storage conditions, it was possible to carry out in-line tablet 
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I  INTRODUCTION 
A  Coating of pharmaceutical dosage forms 
 
Coating is a commonly included unit operation in the manufacture of solid dosage 
forms. Pharmaceutical dosage forms that are typically coated are either tablets or 
small particulates such as pellets, intended for oral administration. Coating confers 
tablets with numerous advantages and this additional manufacturing step is still highly 
favoured despite the additional time and cost. 
 
Tablets can be coated to mask unpleasant taste or odour (Sohi et al., 2004, Cerea et 
al., 2004, Ohmori et al., 2005, Ando et al., 2007), enhance stability against light and 
moisture (Bechard et al., 1992, Pearnchob et al., 2003, Cerea et al., 2004), produce an 
elegant product (Cole, 1995c) or impart a functional purpose such as the modification 
of drug release profiles (Sawada et al., 2004, Sinha et al., 2007). During manufacture, 
coating also improves production rate on a high-speed packaging system by reducing 
friction (Porter, 2007). In addition, the coating process reduces dust generation from 
the tablets and in this way, helps to protect workers against undesirable exposure to 
harmful drugs during processing (Porter, 2007). At the consumer end of the spectrum, 
coating of medications enables the patients and health-care providers to identify the 
medicine (Porter, 2007) and also improves swallowability by reducing adherence to 
the esophagus (Marvola et al., 1983, Channer and Virjee, 1985, Marvola et al., 1999, 
Overgaard et al., 2001). Coating also plays a very important role in creating branding 
for enhanced appeal, thereby allowing the product to stand out in the competition 
(Porter, 2007).  
 
The most common form of coated particulates consists of spherical pellets. Pellets are 
usually coated for controlled, sustained or targeted release (Sadeghi et al., 2000, 
3 
 
Marvola et al., 1999, Gupta et al., 2001, Schultz et al., 1997). They may subsequently 
be delivered by packing in gelatine capsules. Currently, researchers are also actively 
studying the compaction of pellets into tablets (Maganti and Celik, 1994, Bodmeier, 
1997, Wagner et al., 2000). It is important to note that despite the advances in multi-
particulate drug delivery systems, tablets remain the most commonly used dosage 
form. Tablet dosage form is popular mainly due to the highly efficient tablet 
production systems. An industrial-scale capsule filling machine can manage an output 
of up to 15 000 capsules per hour (Jones, 2007). On the other hand, an industrial 
tablet rotary press can generate outputs in excess of 600 000 tablets per hour 
(Alderborn, 2007). Tablet production capabilities continue to improve and as 
production volumes increase, simplifying the production process becomes highly 
desirable. Tablet compaction and coating can be made markedly more efficient if 
coating can be carried out in-line, immediately after compaction.   
 
B In-line tablet coating 
 
In-line tablet coating is defined as the coating of tablets immediately after 
compaction. It is a one-step, highly integrated system which circumvents the delay in 
production due to time needed for post-compaction viscoelastic recovery of tablets. 
During tableting, the compression process is followed by a decompression stage when 
the applied force is removed. Capping, lamination and structural failure can occur if 
the inter-particle bonding is too weak to withstand the stresses induced by recovery of 
the tablet during decompression and ejection. A highly elastic material can store 
mechanical energy when stress is applied but will release the energy by elastic and 
viscoelastic recovery once the stress is removed. This gives rise to residual stresses 
within the compact during the decompression phase of the compaction cycle which 
4 
 
literally can cause the tablet to „tear itself apart‟ (Duncan-Hewitt, 1996, Adolfsson 
and Nystrom, 1996). Recovery can be classified into fast and slow recoveries. Fast 
recovery is defined as the recovery between the time at maximum compression until 
lifting of the upper punch from the tablet and is elastic in nature. Slow recovery is 
viscoelastic and refers to the recovery during storage (Armstrong and Haines-Nutt, 
1972). The time taken for complete recovery is generally dependent on the type of 
materials in the formulation. If viscoelastic recovery is not completed prior to coating, 
the alleviation of the residual stresses would result in undue pressure to the applied 
coat and may cause it to fail. Many factors can affect the rate of viscoelastic recovery 
in tablets. Tablet recovery is reported to be a complex process involving many factors 
(Picker, 2001). Typically, tablets after compaction are aged for a period of at least 24 
hours to allow for viscoelastic recovery of materials within the tablet. In a study by 
Picker (2001), expansion was found to continue over several days for most materials, 
until the physical properties of the tablets at steady state were achieved. It should be 
noted that the effect of viscoelastic strain recovery of materials is also applicable to 
conventional batch film coating processes. Even though the time required for 
complete viscoelastic recovery may still exceed the hold-up time in conventional 
batch coating processes, the extent of viscoelastic response decreases with time. 
Therefore, this mandatory storage period is still enforced. On the other hand, the 
impact of coating tablets in-line, soon after compression, has not been well studied. 
Viscoelastic recovery has been viewed as inevitable and therefore had not been the 
focus of much research. However, if viscoelastic recovery can be ameliorated, it will 
allow pharmaceutical companies to shorten or eliminate the hold-up time associated 




Product release  Product release  
compressed tablets. Avoidance of post-tableting storage prior to coating can certainly 
improve efficiency by saving time and extra storage space.  
 
Fig. 1 shows a schematic flow chart on the current mode of tablet production against a 
more futuristic proposal. With respect to in-line coating of tablets, the impact to the 
field is tremendous as it challenges what has been the standard mode of operation for 
a very long time. The financial, economic and time savings are prime selling points of 
the in-line coating system. With the widespread use of process analytical technology 
(PAT) (Introduction, section G), strong assurance of product quality at all process 
steps may allow the elimination of final quality control (QC) checks and the 













Fig. 1. Flow charts depicting (A) current mode and (B) possible future mode of tablet 
manufacturing. 
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C        Methods for tablet coating  
There are several tablet coating methods of which sugar coating is the most 
traditional. Although sugar coating creates a very elegant and aesthetically-pleasing 
coat of high gloss and even coloration (Porter, 2007), it has the disadvantage of being 
a lengthy process requiring a high degree of operator skill (Cole, 1995b). In addition, 
there is a need to print identification logos or marks since intagliations cannot be 
made on sugar-coated tablets. There is at least 30 - 50 % increase in tablet weight in 
sugar coating and this significantly increases the size of the tablet. The long coating 
time, difficulties in standardizing the procedure and difficulties at automation of sugar 
coating further led to the development of better coating methods. 
 
Film coating is currently the most widely-used coating method. It allows logo or any 
other forms of identification to be engraved on the tablet core with intagliations 
remaining legible after coating. Weight gain after film coating is much lower than in 
sugar coating. The film coating process is also significantly faster and easily 
adaptable to prepare controlled release products. In recent years, there is a shift 
towards aqueous film coating (Cole, 1995c, Porter, 2007). This is brought about by 
environmental and safety concerns, coupled with explosion risks and health hazards 
associated with the use of organic solvents. The need for flame- and explosion-proof 
facilities, recycling of the solvent and the treatment of gaseous effluents elevate 
overall production cost on top of the rising prices of organic solvents. In addition, 
there are also more stringent requirements on the final product as residual organic 
solvent content needs to be evaluated. Recent advances in coating include the move 
towards solventless coating technologies (Bose and Bogner, 2007), such as melt 
coating (Jones and Percel, 1994, Achanta et al., 1997), compression coating (Hariharan 









electrostatic coating (Whiteman et al., 2003), photocurable coating (Wang and 
Bogner, 1995) and supercritical fluid spray coating (Thies et al., 2003). Such systems 
are said to be able to eliminate disadvantages arising from the use of water.  The 
presence of water is associated with problems such as slow drying rate, residual 
moisture which can affect stability of some actives, and microbial growth. However, 
the solventless coating methods are still considered, at best, to be at very early 
development stages or merely esoteric proposals. The pharmaceutical industry 
requires a coating process that is mechanically reliable and economically justifiable. 
Moreover, these experimental coating methods are each plagued by their own set of 
limitations. Hence, the aqueous film coating method has remained the most popular 
method for coating of tablet dosage forms. 
 
D Film coating of tablets  
 
Film coating of tablets involves the application of a thin (20 – 200 µm) polymer-based 
coating onto the tablet surface. Fig. 2 shows an illustration of the film formation 
process. Coating begins with atomization and droplet formation of the coating 
medium, followed by the impingement of the droplets onto the tablet surface. As the 
solvent rapidly evaporates, there is concurrent coalescence and spreading, with the 
formation of a fused polymer network. The polymer network contracts as further 







Fig. 2. Process steps in film coating. 
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E Film coat quality 
 
A desirable tablet film coat should display an even coverage of film and colour, have 
smooth surfaces, adequate gloss and be free from coating defects such as sticking, 
picking, cracking and bridging of intagliations (Aulton and Twitchell, 1995a). The 
appearance of the coated tablets is one of the parameters used as part of quality 
control in the manufacturing process. Smooth glossy surfaces, uniform colour 
distribution and freedom from coating defects are important for the perception of the 
product‟s quality. More importantly, coat thickness uniformity is critical in controlled 
release coatings, as it can alter the release properties of the coated tablet.  
 
The successful implementation of in-line tablet coating is highly dependent on the 
balance of internal stresses between the tablet core and film coat. When the internal 
stresses present within the film coat exceed the film adhesion strength or tensile 
strength of the film coat, coating defects such as bridging of intagliations, cracking or 
splitting of the film coat can occur and compromise the film coat quality (Rowe, 
1983b, Okutgen et al., 1991b).  
 
Several methods of assessing film coat quality have been employed. These include 
visual observation using light microscopy or scanning electron microscopy, colour 
measurement with tristimulus colourimetry, surface roughness assessment with 
surface profilometry, measurement of gloss with glossmeter and measurement of coat 
thickness through direct methods with micrometer or image analysis, or indirectly 
with spectroscopic methods. Dissolution of tablets, measurement of film coat 
adhesion to surface of tablets and permeability of film coat to air and moisture can 
also be carried out to evaluate the quality of a film coat. Many factors can affect the 
coating process and eventually influence coat quality.  
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F Factors affecting film coating of tablets 
The factors which may affect film coating of tablets may be broadly classified into 
four categories: coating formulation, coating equipment, coating condition and tablet 
core. Tablet coating is complex as these factors often interact with one another. 
Knowledge of these factors is important to ensure good quality of film coated tablets. 
In addition, to make in-line coating a reality, extensive studies need to be carried out 
to determine the requirements of materials, processing conditions and other coating 
variables needed to address the viscoelastic recovery of newly compressed tablets. A 
limited scope of the factors will be discussed in this section. 
 
F.1 Coating formulation 
The coating formulation usually comprises four major components: polymer, 
plasticizer, colorant and solvent (Hogan, 1995). An ideal coat formula for in-line 
tablet coating should be flexible to absorb any consequential stresses via plastic 
deformation. Residual stresses induced in the film coat significantly influence the 
mechanical integrity of the coating especially during the immediate post-coating 
storage period for in-line coated tablets.  
 
F.1.1 Polymer 
Film coating involves the deposition of a thin film of polymer on the tablet core. The 
polymer chosen is dependent on the function of the coat. Polymers suitable for 
sustained release are widely available and an enteric coating polymer can be used for 
tablets requiring resistance to gastric acid breakdown. Tablets are also frequently 
colour-coated without compromising the release properties of drugs within.  
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Commonly used coating polymers by the pharmaceutical industry include cellulose 
derivatives such as hypromellose, hydroxyethyl cellulose, methyl cellulose and ethyl 
cellulose. These were commonly used in the past for organic solvent coating but have 
since been reformulated for use as aqueous coating formulations. The use of polymers 
with vinyl groups such as polyvinyl pyrrolidone, polyvinyl acetate and polyvinyl 
alcohol, are also gaining popularity for use in aqueous coatings. In general, polymers 
which are more hydrophilic will form films with higher moisture permeability. 
 
When a film is extended, part of the applied stress can be dissipated by the 
deformation of the viscoelastic components of the polymeric film structure. Increase 
in polymer molecular weight or concentration will result in a general decrease in the 
elasticity of the film (Rowe and Forse, 1980). The polymer solution used should not 
be too viscous and permit easy atomization. Low molecular weight polymers usually 
make relatively weak films, but as molecular weight is increased, the resultant film 
strength increases up to a critical molecular weight where no appreciable increase in 
film strength will be produced. However, with an increase in polymer molecular 
weight, the film also becomes successively more rigid as the modulus of elasticity is 
increased. Total stress within a film is directly proportional to the elastic modulus of 
the polymer. Factors that influence the elastic modulus of the polymer will therefore 
affect internal stress. Balance of internal stress will be important for in-line tablet 
coating. 
 
In recent years, there is also interest in the development of new coating materials to 
meet various specific needs (Felton and Porter, 2010).  New coating materials with 
purportedly better film forming properties have been developed with the aim of 
reducing process time and improving the coat quality of materials. Polyvinyl alcohol - 
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polyethylene glycol (PVA-PEG) copolymer (Kollicoat IR, BASF, Germany) was 
shown to form films which were extremely flexible and had a much higher elongation 
at break value than hypromellose. The great elasticity of the copolymer ensures that 
coats do not crack on the tablets when they are exposed to different humidity 
conditions during storage, even when the cores contain high amounts of disintegrants 
or powerful swelling agents such as hypromellose, xanthan or alginate, which are 
frequently used in controlled release products (BASF, 2010). Polymers with good 
elasticity may be more suitable for in-line tablet coating.  
 
Development of coating formulations with very low viscosity also improves the solids 
loading capacity. This in turn reduces coating duration. New products, such as 
Methocel E VLV and Methocel F VLV (very low viscosity hypromellose 2910 and 
2906) from Dow Chemicals, USA, were shown to significantly reduce manufacturing 
time while maintaining coat quality and elegance (Rogers et al., 2008). A specially 
pregelatinized, new-generation, hydroxypropyl starch polymer (Lycoat,
 
Roquette 
Pharma, France) has also been developed. In comparison to hypromellose, the 
viscosity of the starch-based formulation was significantly lower in spite of its much 
higher solids content. The Lycoat films were also reported to be more resistant to 
deformation and stress. Lower glass transition temperature (Tg) and higher elasticity 
of polymer allow the formation of more flexible and robust film, with less friability 
and edge chipping (Parissaux et al., 2006). Kollicoat Smartseal 30 D (BASF, 
Germany) formulated as an aqueous methacrylate dispersion also has additional 
functionalities.  The film formed is highly impermeable to water vapour and stable in 





F.1.2  Plasticizer 
Plasticizers are relatively low molecular weight materials with the ability to alter the 
physical properties of the film forming polymer. They are added to lower the Tg of 
polymers. At Tg, the polymer changes from a hard glassy material to a softer rubbery 
material. Plasticizers serve to reduce the film brittleness by sandwiching between 
polymer strands and hence making the film more flexible. Examples of plasticizers 
include the polyhydric alcohols, amongst which polyethylene glycols are commonly 
used. Other plasticizers include organic esters such as diethyl/dibutyl phthalate, and 
oils/glycerides such as castor oil and acetylated monoglycerides.  
 
The addition of plasticizers to coating formulations generally decreases the internal 
stresses within the film and the associated coating defects. Both the elastic modulus 
and Tg of the film coat were reduced (Rowe, 1981a, Porter and Ridgway, 1983). 
Plasticizer type and concentration were found to affect the incidence of bridging of 
intagliations (Rowe and Forse, 1982). In addition, Patel et al. (1964) reported that 
plasticizers could also enhance or retard moisture permeation through the polymer 
film. The use of hydrophobic plasticizers may decrease film permeability. Although 
water can act as a plasticizer to help accommodate the internal stresses through 
reorganization of the polymer molecules, it is not considered to be a true plasticizer 
because of its volatility and non-permanence (Aulton, 1995). Moreover, the 
penetration of water into the tablet core may result in core swelling, which brings 
about volumetric stress on the film coat.  
 
In general, the addition of plasticizers improves the film forming properties of the 
polymer and enhances its suitability for in-line tablet coating. Plasticizers also help to 
increase film toughness and tear resistance. Different plasticizers show different types 
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of plasticizing effects due to differences in the nature and extent of polymer-
plasticizer interactions. Plasticizers that exhibit a high degree of interaction with the 
polymer will decrease the Tg of the film to a greater extent.  
 
F.1.3  Additives/ solid inclusions 
 
Additives, such as colorants, opacifiers and inorganic materials, as well as drug 
substances have been added to film coating formulations. Colorants can be made up 
of water soluble (dyes) or water insoluble (pigments) compounds. Examples of 
colorants are inorganic colors such as iron oxides, organic dyes and their lakes, and 
„natural‟ colorants like riboflavins and carotenoids. Colorants help to improve product 
appearance besides contributing to easier product identification. Some opaque 
pigments and opacifiers such as titanium dioxide are added as a light barrier to 
improve product stability against photodegradation. Inorganic additives such as talc or 
colloidal silica can also be added to reduce tackiness and drugs are sometimes added 
for layering (Muller et al., 2010, Chen et al., 2010). The inclusion of such materials 
can affect the drug release profiles, adhesiveness and other physical properties of the 
film coats (Felton and McGinity, 2002). 
 
As the proportion of a solid additive in a polymer film is increased, the amount of 
polymer required to completely surround the particles in the dry film increases until a 
critical concentration where there is just sufficient polymer to fill all the interparticle 
voids. The concentration of additives at this critical point is known as the critical 
pigment volume concentration (CPVC). When the amount of additives added exceeds 
the CPVC, marked changes in mechanical properties, appearance and permeability of 
the film will occur (Gibson et al., 1988a). The CPVC value is characteristic of a 
specific additive/polymer combination as it depends on the nature of the polymer and 
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its interaction with the additive. The CPVC value of additives is also dependent on the 
shape and packing characteristics. Additives which are likely to aggregate will trap 
and immobilize polymer within its structure, thus leaving less polymer for film 
formation.  This will lower the CPVC value and reduce the film‟s capacity for solid 
inclusion.   
 
The type, shape, size, concentration and orientation of the solids incorporated and the 
polymer-additive interactions can influence the properties of the film coat (Funke et 
al., 1969). The presence of polymer-additive interactions and the lack of polymer-
polymer interactions reduce chain mobility and increase the elastic modulus of the 
film, thus causing an increase in the total stress within the film coat. The addition of 
solids also reduces the tensile strength of the film coat, making it more brittle. Any 
decrease in the elasticity of the film can be attributed to filler particles physically 
impeding the mobility of the polymer phase or the polymer-additive interactions 
stiffening the molecular chains of the polymer, thus reducing segmental mobility. 
Additives may also modify the Tg of the polymer and affect the internal stresses 
within the film. Larger particles were found to cause greater increase in Tg (Felton 
and McGinity, 1999b) and also possessed higher tendencies to cause failure of the 
film coat by producing stress locations at the polymer-additive interface (Rowe and 
Roberts, 1992). The lower the particle size of the additive, the smaller is its 
deleterious effect on film properties. Table 1 shows the qualitative description of the 
shapes of commonly employed additives used in tablet film coatings. Particles with 
greater shape factor (length:diameter ratio) were found to contribute to elastic 
modulus enhancement to a greater extent, thus lamellar > acicular > cubic > spherical 
(Rowe, 1983a, Okhamafe and York, 1984). Talc contains plate-like/flaky particles 
and induces more stress in the films. However, unlike other additives, talc was also 
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found to enhance the ability of the films to relax. The build-up of internal stress to 
high levels during drying is prevented because the stress is relieved by the movement 
or re-orientation of the talc particles. The plate-like particles aligned themselves 
parallel to the surface of the tablet core, causing restraint in volume shrinkage upon 
solvent evaporation (Rowe, 1981b). This was related to lower incidences of cracking 
and edge splitting in tablet film coats containing talc compared to those pigmented 
using other materials (Gibson et al., 1989, Gibson et al., 1988b). The greater the 
specific surface area of the additive, the greater is its capacity to interact with the 
polymer phase.  The inclusion of more irregularly shaped particles was also found to 
cause greater increase in the elastic modulus of the film coat (Rowe, 1983a). 
 
Table 1. Qualitative description of the shapes of commonly employed additives in 
tablet film coatings. 
 
Additive Shape 
Aluminium lakes Irregular 
Iron oxide (black) Cubic 
Iron oxide (red) Spherical 
Iron oxide (yellow) Acicular 
Talc Plate-like/flaky 
Titanium dioxide Rounded 
 
F.1.4  Solvent 
As previously mentioned, the solvent used for film coating is usually aqueous 
although organic solvents are sometimes employed. Good polymer-solvent interaction 
is important as it enables good adhesion of film to the substrate (Rowe, 1981b). The 
solvent will interact with the polymer and affect the random coil structure of the 
polymers. Greater polymer-solvent interactions stretch more polymer chains and 
hence allow better interactions of the polymer with the tablet core. Poorer solvents 
often increase the resultant internal stress generated during coating.  
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F.1.5  Solids concentration 
The total solids content of the coating formulation is important as it will influence the 
viscosity and ease of atomization of the coating dispersion. This will in turn influence 
the contact angle, degree of spreading and degree of penetration of the atomized 
coating dispersion into the tablet core and the drying/evaporation rate of the coating 
formulation during film formation. The solids concentration of the coating 
formulation also affects the drying time for applied coat and will impact both the 
quality and mechanical property of the tablet film coat.  
 
F.2 Coating equipment 
 
The choice of proper equipment and the creation of a suitable processing environment 
are as essential to achieving a good film coat as the selection of appropriate coating 
formulations (Mehta, 2008). Tablet coating is commonly carried out using either pan 
or air suspension/ fluid bed coaters. 
 
F.2.1 Pan coater 
Tablets were first coated using bowl-like sugar coating pans. Modifications were 
subsequently made to the sugar-coating pans by introducing perforations. This allows 
for film coating by the application of heated air through the tablet bed, which 
improves the overall ventilation of the system. Gradually, more sophisticated pans 
and systems were developed to improve coating efficiency and quality of coat. The 
first side-vented perforated pan was developed by Eli Lilly to improve the organic 
solvent-based film coating process (Cole, 1995a). Eventually, the availability of these 
more efficient side-vented pans facilitated the transition to aqueous-based film coating 
process. These side-vented pans are still very commonly used today and remain the 
gold standard for tablet coating in the pharmaceutical industry. Examples of such 
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coating equipment include Manesty Accela-Cota, Glatt coater, Driam Driacoater, Hi-
coater, O‟Hara coater. Fig. 3 gives a diagrammatic representation of the principle of 
operation of a side-vented pan. Tablet coating is accomplished by spraying the 
coating formula on a tumbling tablet bed, with drying air supplied co-currently. In 
contrast to non-perforated pans where the drying air is only blown onto the surface of 
the tablet bed (Tang et al., 2005), side-vented perforated pans improve drying 
capacity, allowing the applied aqueous coat to be dried rapidly and coating carried out 
efficiently.  
 
Aqueous coating operations require longer processing time compared to organic 
solvent-based coating operations as water has higher latent heat of evaporation (2264 
J/g) compared to that of organic solvents such as dichloromethane (321 J/g) and 
ethanol (855 J/g) (Lehmann, 1994). Thus, the time taken for a batch of tablets to be 
coated using a water-based coating system can range from 45 min to 3 hours 










Fig. 3. A diagram on the typical set-up of a side-vented coating pan.    Shaded arrows 








F.2.2  Air suspension / fluid bed coater 
The time needed to dry the applied aqueous coats can be shortened if the drying 
capacity of the coater is further improved. Inadequate drying may cause tablets to be 
over-wetted and hence results in tablet disintegration or adherence to one another and 
the pan wall. The fluid bed system offers efficient drying by facilitating solvent 
removal from freshly coated tablets. Even though there is a certain level of interest in 
tablet coating based on air fluidizing techniques, their application remain limited due 
to problems of attrition (Porter, 2007).  
 
Fluidization typically involves the top-spray, bottom-spray or tangential spray 
operating principle, depending on the position of the spray nozzles. Bottom-spray 
results in more uniform particle movement, allowing better film structures to be 
achieved compared to top-spray. The first fluid bed coater that was used extensively is 
the bottom-spray Wurster coater. It is mainly employed for the coating of small 
particulates (less than 6.35 mm) (Sandadi et al., 2004). Coating is carried out by the 
air suspension method whereby air is passed through a perforated air distribution 
plate, suspending the particulates in air and drying the coating material which is 
sprayed from a nozzle onto the particulates (Deasy, 1984). Agglomeration of particles 
during coating is a common problem associated with the Wurster coater (Fukumori et 
al., 1992, Tang et al., 2008). The Precision coater (GEA Pharma Systems, UK) 
(Walter, 1998), based on a modified Wurster design, was subsequently developed. In 
the Precision coater, the mode of air distribution is altered by incorporating a swirling 
air flow through a swirl accelerator. The imparted air spin and high air velocity help 
to improve particle separation, thus reducing agglomeration. In addition, low pressure 
created in the central zone enables individual particle pick-up from the periphery into 
the coating zone.  In the Wurster coater, this flow of particles depends largely on 
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gravity. Particle flow in the Wurster coater was found to be denser and slower, 
accounting for greater extent of agglomeration produced (Chan et al., 2006). Swirling 
air flow was shown to enhance the coating performance of bottom-spray fluid-bed 
coaters (Heng et al., 2006).  Precision coating was also found to have improved 
drying abilities and produced more superior coat quality while maintaining the same 
yield as Wurster coating. Fig. 4 compares the movement of particles (pellets) in the 










Fig. 4. Diagrams showing movement of pellets in the (A) Wurster coater and (B) 
Precision coater.  
 
F.2.3  Supercell coater 
The Supercell coater (GEA Pharma Systems, UK) (Walter and Neidlinger, 2001) is a 
newly introduced coater which uses air fluidization for tablet coating. Fig. 5 shows 
the Supercell coater with a schematic representation of its parts. The Supercell coater 
was developed to incorporate the advantages of existing coaters, and minimize 
disadvantages associated with them. In order to allow for better mass transfer, heat 








flow was designed. This is a timely development as current modes of coating present 
distinct limitations.  
 
The Supercell coater was purported to have the ability to rapidly and uniformly coat 
objects with diameter between 3 - 35 mm with a high degree of accuracy (Birkmire, 
2004). The original application of the Supercell coater was for stent coating. It was 
later shown that the Supercell coater was capable of applying film coat to 
conventional pharmaceutical tablets (Birkmire and Liew, 2004, Birkmire and Liew, 
2003). For the coating of tablets, which are larger than the usual particulates used in 
air suspension coating processes, larger air flow and energy expenditures are 
necessary for fluidization. The turbulent flow within the coating chamber would 
require the tablets to be sufficiently robust. Besides significant reduction in coating 
time to 1 - 2 min per batch, precise and accurate coating can be carried out. In a study 
by Birkmire and Liew (2003), low doses of actives (RSD < 5 %) were successfully 
applied to tablets.  
 
Prior to coating, the tablets are weighed in the load cell and then transferred into the 
coating chamber automatically through the loading air-lock pinch valves (Fig. 5B). 
Coating material is delivered to the spray nozzle using a precision syringe as the 
coating process begins and is atomized into small droplets to improve surface 
distribution over the tablets in the coating chamber. Unlike conventional coaters 
where baffles are used, the Supercell coater uses air fluidization to circulate the 
tablets. Coat drying takes place concurrently with solvent vapor removal. Nozzle 
blockage is a common problem with bottom-spray coaters but is circumvented by 
periodic clearing of the nozzle in the Supercell coating process. At the end of each 
coating run, the dip tube will descend into the coating chamber and tablets are 
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subsequently extracted with the aid of vacuum. All coater actions are controlled and 
monitored in real-time by a computer system.  
 
Fig. 6 shows the coating zone of the Supercell coater. The coating zone consists of a 
conical coating chamber that sits on top of an air distribution plate (Fig. 7). A two-
fluid spray  nozzle is located centrally  below the air  distribution  plate  and  serves to 
atomize the coating materials. The air distribution plate is perforated with rotonozzles 
which direct air jets to help accelerate the tablets through the coating zone. In 
addition, ducts are also present on the air distribution plate, encircling the spray 
nozzle. Air emitted from the ducts muffles the momentum of the atomized coating 
materials to help reduce tablet attrition. The ducts also aid in the modification of the 
air flow pattern, turning it into an upward swirling pattern. The swirling flow allows 
tablets to rotate rapidly as they traverse the coating zone so that uniform coating may 
be applied on all surfaces of the tablets. At the same time, the spray cloud is 
broadened and this facilitates distribution of the coating spray. The star valve prevents 
tablets from entering the dip tube during the coating run. The air is supplied through 
the plenum. Proper air flow to the inlet plenum ensures that equal air flow velocities 
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Fig. 6. The coating zone of the Supercell coater with (     ) representing tablet 
movement and (     ) representing air flow. 
 
 
Fig. 7. Photo showing base of air distribution plate. 
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F.2.4  Continuous tablet coaters 
Continuous film coating processes have been available for many years but have not 
gained wide acceptance for pharmaceutical products due to potential product losses 
during start-up and shut-down (Cunningham et al., 2010). At present, there are still 
few published literature reports on continuous or quasi-continuous tablet coaters. 
Instead of operating in batches, continuous pan coaters accept a continuous feed of 
tablets at one end of an elongated perforated pan and discharge a continuous stream of 
coated tablets at the other end (Barkley et al., 2006). An alternate modified design of 
the continuous pan coater has the elongated perforated pan divided into several 
sections (Driam, 2009).  In each section, processing is performed according to the 
required parameters. Recent innovations in the design of continuous pan coaters have 
enabled the minimization of product loss through the addition of control mechanisms 
that ensure uniform and consistent coating to all tablets from the start to the finish of 
the process (O'Hara and Marjeram, 2008). Fig. 8 shows the typical set-up of a 
continuous pan coater. Commercially available continuous pan coaters include the 
O‟Hara Fastcoat continuous tablet coater, second generation Thomas Engineering 
continuous coater, Driam Driaconti-T Pharma and Vector VHC Hi-Coater.  
 
In a typical pan coater designed for batch processing, the diameter of the coating pan 
increases with process scale-up. This leads to a corresponding increase in the depth of 
the tablet bed and the total number of tablets that are isolated from the spray zone at 
any given time, which may increase the risk of tablet coating non-uniformities. 
Although process parameters such as pan rotation speed, spray distribution and spray 
rates can be optimized to minimize variability in coating, there are limitations on how 
fast the coating can be applied and yet achieve adequate exposure of all the tablets in 
the pan to the coating material (Cunningham et al., 2010). Unlike manufacturing-scale 
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batch coaters, continuous pan coaters have pan diameters that are similar to laboratory 
or pilot-scale batch coating pans, thus simplifying subsequent scale-up requirements. 
The elongated spray zone and shallow bed depth ensure that the tablets are presented 
with high frequency to the spray zone (Thomas-Engineering, 2008), resulting in faster 
deposition of coat, reduced process time and shorter exposure of the tablets to the 
adverse thermal and mechanical stresses of the coating process (Mancoff, 1998).  
 
The Supercell coater was reported to have the potential to be an in-line or quasi-
continuous tablet coater (Walter and Neidlinger, 2001, Tang et al., 2007). It is 
possible to couple the Supercell coater directly to a tablet press for continuous tablet 
making and coating and feeding directly to a packaging line for real-time release 
(Birkmire and Walter, 2006). Small tablet batches could be coated in a few minutes 
and scale-up is not necessary as multiple coating units can be linked in parallel for 
full-scale production (Cunningham et al., 2005). Such equipment is preferred to 
eliminate scale-up issues (FDA, 2004).  
 
Even though continuous coaters based on typical pan coating or air fluidization 
principles exist, they have not been well studied for in-line tablet coating. Both the 
continuous pan coater and the Supercell coater may be used for in-line tablet coating. 
However, the suitability of the equipment can only be determined upon careful 
considerations of other factors. It was reported that it is possible to apply water-based 
films to small particles without agglomeration or to tablets containing 
superdisintegrants without core penetration and dissolution of the tablet surface with 
correctly selected equipment and processing conditions (Mehta, 2008). Certainly, the 
current coating capacity of the Supercell coater remains lower than that achievable by 
the continuous pan coater. It was reported that an output of 1300 kg/h was achievable 
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with the continuous pan coater (Cunningham et al., 2010). Each stand-alone Supercell 
coater can manage an output of about 50 kg/h. However, it is possible to link multiple 
units of coater to allow larger scale tablet coating. Moreover, the Supercell coater was 
found to be useful for the coating of smaller or more irregularly shaped tablets and 
moisture-sensitive tablets (Cunningham et al., 2005), as well as for active coating 








Fig. 8. Typical set-up of a continuous pan coater. 
 
F.3 Coating conditions 
In order to form a continuous film, individual polymer particles must coalesce and 
fuse together. The degree of coalescence is dependent on the intensity of the primary 
driving forces that are generated upon water evaporation and the time exposed to such 
forces. Coating conditions must be carefully controlled to ensure an appropriate 
balance between rate of water removal and the need for the coating materials to 
remain wet long enough for a high-quality coherent film to be formed (Porter and 
Felton, 2010).  
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F.3.1 Tablet load/batch size 
In pan coating, mutual rubbing between tablets in the coating pan is important for 
smoothening of the coat surfaces. This requires an adequate load to be present (Rowe, 
1988). It was reported by Leaver et al. (1985) that both the surface time (i.e. time that 
the tablet spends on the surface of the tablet bed per pass) and circulation time (i.e. 
time that the tablet spends within the bulk of the tablet bed) decreased with increasing 
pan rotation speed and tablet load. When the batch size is too large, the tablets are 
unable to make sufficient passes through the coating zone and this may lead to non-
uniform application of the coating materials. However, larger total surface area is 
available to capture the coating spray but the increased tablet to tablet contact may 
increase the incidences of sticking and picking. Small batch sizes reduce the total 
tablet surface area that is presented to the spray cloud. This may result in greater loss 
of coating materials by spray drying effects, as the spray droplets dry up before they 
impinge on any substrate. However, in an air suspension coater, a lower load will 
permit easier fluidization.  
 
F.3.2 Atomizing air pressure 
Atomization in film coating is the process whereby the liquid coating formulation is 
broken up into a spray of droplets for application onto the tablets (Aulton and 
Twitchell, 1995b). The most common atomization method employs a high speed air 
stream to impinge the coating formulation to be atomized. The droplets which are 
produced are propelled by the expanding stream of atomizing air towards the tablet 
surface. Higher atomizing air pressure used results in smaller spray droplets with 
larger droplet momentum, which promotes forced spreading of the droplets onto the 
tablet surface. This often results in a decrease in surface roughness of the film coat 
(Tobiska and Kleinebudde, 2003b). In contrast, coarser droplets spread and dry more 
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slowly and may lead to increased sticking and picking tendencies due to the formation 
of liquid bridges between the cores being coated. 
 
F.3.3 Air flow rate and pan rotation speed 
During Supercell coating, the fluidizing air flow is responsible for the circulation and 
drying of tablets. Low air flow rates may not fluidize the tablets adequately and 
consequently result in greater degree of sticking. On the other hand, excessive air 
flow rates can increase attritive conditions and may also worsen the spray drying 
effects. The suitable air flow rate is dependent on the coating core characteristics such 
as particle density, size and shape (Christensen and Bertelsen, 1997). However, in a 
pan coating system, the quality of the film was found to improve with increasing pan 
rotation speed but was independent of the size and shape of the tablet. However, pan 
rotation speed must not be too high in order to limit the effects of attrition and reduce 
the incidence of damaging the edges of tablets (Tobiska and Kleinebudde, 2003a). 
 
F.3.4 Temperature and relative humidity (RH) 
When aqueous polymer dispersions are used, the temperature used during the coating 
process must be above the minimum film forming temperature (MFFT) to allow 
proper polymer coalescence and film formation (Porter and Felton, 2010). MFFT is 
largely determined by the Tg of the polymer (Hogan, 1995). The addition of 
plasticizers can lower both MFFT and Tg (Amighi and Moes, 1996, Porter et al., 
2009). For coating applications where the film forming polymer is in solution, the 
temperatures employed during coating are typically above Tg and should be high 
enough to maintain adequate evaporative capacity (Porter et al., 2009). At appropriate 
film forming temperatures, the polymers are more flexible and thus give rise to better 
film forming properties. High temperature and low inlet air humidity will enhance the 
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drying of the coating material on the tablets during coating. Generally, an excessively 
dry environment will increase spray drying effects and attrition, while inadequate 
drying conditions will cause overwetting and sticking problems. The optimal drying 
rate should allow the spreading of the spray droplets and coalescence of the polymer 
chains but avoid sticking. The morphology and molecular features of a polymeric film 
can be influenced by the film drying rate (Ngui and Mallapragada, 1999). The 
Supercell coater has a much higher drying capacity than the pan coater because drying 
is achieved with the aid of air fluidization. 
 
The tablet core and the film coat may respond to temperature to different extents. If 
there is a large difference between the thermal expansion coefficients of the coat and 
the tablet core, thermal stresses will develop during the coating process where 
elevated temperature is employed. Since these stresses are present in the plane of 
coating, failure can occur at the film/tablet interface, resulting in bridging of 
intagliations, cracking, splitting, peeling or flaking. Temperature and RH changes that 
occur during and after the film coating process can cause dimensional changes in the 
tablets (Ruotsalainen et al., 2002). The dimensional changes in the tablet core will 
influence the internal stresses within the films and affect the successful 
implementation of in-line coating.  
 
F.3.5 Spray rate 
In general, low spray rate coupled with high temperature promotes drying and more 
brittle films are produced. On the other hand, high spray rates can overwet the tablet 
core. In addition, overwetting may also lead to the surface dissolution and potential of 
material migration from the tablet into the film which will influence film properties, 
adhesion and internal stresses development (Felton and Perry, 2002). Other problems 
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such as sticking or picking, twinning and poor coat quality may also be observed.  In a 
recent study carried out on the Supercell coater, tablets were coated at different spray 
rates to investigate the influence of different wetting conditions on the quality of coats 
formed (Tang et al., 2007). It was found that differing coat characteristics were 
produced under different wetting conditions. Coats formed at a lower spray rate 
consisted of spray dried droplets that did not coalesce. As the spray rate was 
increased, surface roughness of the coat was found to decrease and the sprayed 
droplets appeared fused. However, the droplets began to exhibit branching arms and 
scale-like structures when the spray rate became excessively high.  
 
F.4 Tablet core 
F.4.1 Size and shape 
Smaller tablets are easier to fluidize, accelerate faster and are more suitable for air 
suspension coating. On the other hand, larger tablets are not commonly coated using 
air suspension coating due to the mechanical damage that may occur (Sandadi et al., 
2004). In pan coating, it is challenging to coat tablets that are very small as the low 
drying capacity may cause extensive sticking problems. Smaller tablets have larger 
surface area to volume ratios and require more coating material to achieve similar 
coat thickness as compared to larger tablets of equivalent total volume. Air 
suspension coaters are used typically to coat multi-particulates less than 2 mm in size 
and mini-tablets. 
 
Tablet shape was shown to influence intra-tablet coating uniformity with coat 
uniformity decreasing in the following order: round > oval > capsule > large oval 
(Wilson and Crossman, 1997). In almost all cases, coating uniformity increased when 
pan rotation speed was increased. Spherical particles have the lowest surface area to 
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volume ratio compared to tablets of other shapes, and they are also free from 
protuberances. Hence, spherical cores have the best flow properties and move easily 
during coating. Irregularly shaped tablets are more difficult to be uniformly coated 
and their edges may also abrade easily, leading to coating defects. The flat surfaces of 
tablets often cause twinning whereby two tablets adhere to each other after coating. 
The incidence of twinning is expected to be reduced in air suspension coating where 
the drying efficiency is higher.  Non-uniform adhesion of coat polymer to the edges of 
tablets has been suggested to be due to high internal stresses within the films at tablet 
edges (Aulton et al., 1973). The sharp edge of flat-faced tablets may create difficulties 
during the coating process (Felton and McGinity, 1999a). A beveled edge decreases 
the sharp angle at the edge of the tablet and may help to lower the internal stresses 
within the film (Felton and McGinity, 1996).  
 
F.4.2 Composition 
The physical and chemical properties of the cores can significantly influence the 
adhesive properties of polymeric films (Felton and McGinity, 1999a). The porosity 
and surface roughness of tablets are dependent on the compaction force used to 
produce the tablets. Film coats tend to adhere better to more porous tablet surfaces. 
When the tablet is composed of excipients with poor aqueous solubility, proper 
formation of film is difficult as there will be poor interaction and adhesion to the 
cores.  
 
The different materials in the tablet core may have different thermal expansion 
coefficients, which influence the volume change and thermal stress experienced 
during the coating process. The thermal expansion coefficients of some 
pharmaceutical materials were reported by Hancock and Rowe (1998). The selection 
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of tableting excipients and coating materials with similar coefficients of thermal 
expansion will minimize internal stresses within the film and improve polymer 
adhesion (Rowe, 1983b). It should be noted that the dimensional changes of the tablet 
is a function of the formulation and are difficult to estimate (Rowe, 1980). However, 
it is possible to estimate the thermal expansion coefficient of a  multi-component 
formulation by using mixing rules and known thermal expansion coefficients of the 
individual excipients (Hancock and Rowe, 1998).  
 
Tablet excipients can be characterized according to their deformation properties: 
brittle, elastic, plastic or viscoelastic. The prevalent deformation mechanism is 
dependent on the nature of the excipients. Many excipents used in the pharmaceutical 
industry are viscoelastic in nature and exhibit time-dependent strain, related to the 
applied stress and time of loading (Alderborn, 2007). The tablets used for in-line 
coating should ideally exhibit minimal or no gradual time-dependent viscoelastic 
recovery. Materials which deform mainly by plastic deformation such as theophylline 
or microcrystalline cellulose can be compressed with relative ease and deform readily 
to relieve applied stress. Alternatively, the tablet core should be able to undergo stress 
relaxation rapidly after compaction so that recovery is almost complete before coating 
begins. For example, dicalcium phosphate dihydrate, an inorganic brittle material, was 
shown to demonstrate fast expansion and complete elastic recovery upon tablet 
ejection from the tablet die (Picker, 2001). In addition, viscoelastic recovery was 
shown to be generally low for brittle materials (Hiestand et al., 1977, Picker, 2004). It 
should be noted that the compression of brittle materials can enhance compact 
strength by increasing the number of inter-particle bonding sites. However, if the 
viscoelastic strain recovery of the rapidly recovering compacts exceed the bonding 
strength between particles, it may also lead to capping or lamination of the tablet 
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(Okor, 2005). In general, tablet cores containing inorganic fillers result in a higher 
incidence of film cracking than tablet cores containing organic fillers (Rowe, 1980). 
Tablets containing materials which exhibited strong elasticity and considerable time-
dependent strain recovery, such as sulfacetamide or erythromycin, are prone to cap or 
laminate after ejection (Rippie and Morehead, 1994). Therefore, they are not suitable 
candidates for in-line tablet coating.  
 
Elastic deformation is recoverable and the elasticity of the material is responsible for 
the process of decompression and associated volume, dimensional or porosity changes 
post-compaction (Okutgen et al., 1995). The driving force for tablet relaxation has 
been suggested to be the elastic energy stored in the particles during densification 
(Maarschalk et al., 1996, Maarschalk et al., 1997). The release of internal stresses 
through expansion will cause the generation and propagation of internal fractures. 
Capping and lamination of the tablets are associated with a high degree of internal 
fracture due to high stresses. The ability of materials to withstand these stresses 
appears to be dependent on their ability to relieve the stresses by plastic deformation. 
If the degree and rate of viscoelastic stress relaxation is high, the addition of some 
plastically deforming materials may help to reduce the risk of pronounced viscoelastic 
recovery which can lead to structural failure. The addition of microcrystalline 
cellulose to elastic k-carrageenan was found to impart plastic behavior (Picker, 1999). 
 
Tablets containing hygroscopic materials may worsen the development of volumetric 
stress due to the affinity for moisture, which can cause tablets to swell. In a study, 
tablets containing superdisintegrants were shown to have significantly greater 
increase in thickness as a result of hydration and swelling of disintegrant particles 
within the tablet matrix upon contact with water during an aqueous film coating 
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process (Pourkavoos and Peck, 1993a). Therefore, tablets containing hygroscopic 
materials may not be suitable for in-line tablet coating. 
 
F.5  Post-coating storage 
The magnitude of the total internal stress  in a film coat is greatly influenced by the 
conditions in which the film is formed and this magnitude changes on exposure of the 
coated tablet to subsequent ambient storage conditions (Okutgen et al., 1995). It was 
reported that significant dimensional change of tablets occur when the freshly coated 
tablets were allowed to re-equilibrate to ambient storage conditions (Okutgen et al., 
1991a). The large volume increase will worsen the internal stress experienced as the 
film coat is now dry and film flexibility is greatly reduced (Okutgen et al., 1991b). In 
order to limit the volumetric changes, it is important to minimize loss or gain in water 
by the tablet core through the use of core materials with low tendencies for moisture 
uptake. In addition, the use of more moisture resistant coatings may also aid in the 
reduction of subsequent film coating defects. Storage of coated tablets in an 
environment of higher RH can also worsen the internal stresses within the film coat 
and can additionally reduce film adhesion by weakening interfacial bonding. During 
storage, stress relaxation occurs and the polymer adapts to the diminishing internal 
stress. Water can exert two opposing effects on coated tablets. The penetration of 
water into the tablet core may result in an increase in the volumetric stress exerted on 
the film coat. On the other hand, the presence of moisture can also exert a plasticizing 
effect on the polymer so that the molecules are able to move more freely to 





For certain coat formulations such as aqueous dispersions of ethyl cellulose, an 
additional post-coating curing step is essential whereby the coated tablets are stored at 
temperatures above the Tg of the polymer to promote further coalescence of the 
polymer particles. Above the Tg of the film, the polymer chains are more mobile and 
position themselves to minimize internal stresses. During this storage or curing stage, 
the microstructure of the polymer is altered, influencing the mechanical properties of 
the film. Formulations containing high plasticizer concentrations will generally 
require lower processing temperatures and less time for film curing. As higher 
plasticizer concentrations reduce Tg, tackiness of the coat will cause processing 
problems if the processing temperatures remain high (Porter et al., 2009). However, 
the lowering of processing temperatures should not compromise the drying capacity 
of the coating process. 
 
G Process Analytical Technology (PAT)  
As tablet coating is carried out in the late stage of a tablet production cycle, this 
additional step may present problems, even considerable financial losses since any 
major coating mishaps can lead to rejection of a tablet batch. In the case of a newly 
developed product, it can also cause a delay in product launch. In more recent years, 
another popular research pursuit in the area of tablet coating is the incorporation of 
PAT tools during tablet coating in order to assure the quality of the final coated 
tablets.  
 
PAT is defined as a system for designing, analyzing, and controlling manufacturing 
through timely measurements of critical quality and performance attributes of raw and 
in-process materials and processes, with the goal of ensuring final product quality 
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(FDA, 2004). The goal of PAT is to enhance understanding, control and efficiency of 
the manufacturing process.  
 
PAT tools such as near infra-red (NIR) (Andersson et al., 1999, Perez-Ramos et al., 
2005, Maurer and Leuenberger, 2009), terahertz pulsed imaging (Maurer and 
Leuenberger, 2009), acoustics (Varghese and Cetinkaya, 2007, Akseli and Cetinkaya, 
2008) and Raman spectroscopy (Wikstrom et al., 2006) have been investigated as on-
line or at-line tools to monitor the film coating process. Among the PAT tools 
employed, spectroscopic data are often used in conjunction with multivariate data 
analysis (MVA). The simultaneous contributions from several variables enable a 
multivariate modelling of the response measured. The response observed consists of a 
combination of the signal component correlated to the variable of interest, and noise. 
Using MVA, the true response is separated from the noise component.  
 
To achieve the aims of building quality into the product, it is necessary to improve 
process understanding and control. Quality cannot be tested into products but should 
be built into the products by design (QbD). Increased focus is also placed on the 
multi-factorial relationships among materials, manufacturing process, environmental 
variables, and their effects on product quality. A desired goal of the PAT framework 
is to design and develop well understood processes that will consistently ensure a 
predefined quality at the end of the manufacturing process. Most pharmaceutical 
processes, including coating, are multivariate processes which are influenced by 
multiple factors. Design of experiments (DoE) is a technique whereby many factors 
are varied simultaneously in a systematic manner. This is in contrast to the traditional 
method of varying one variable at a time. The DoE technique allows the total number 
of experiments performed to be minimized, while ensuring that meaningful 
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information about the process is obtained. In addition, it provides an effective means 
for identifying and studying the effect and interaction among the factors studied. 
 
In addition to improving the quality assurance of end products, one of the aims of 
PAT is also to improve the efficiency of the manufacturing process (FDA, 2004). 
Another approach to increase manufacturing process efficiency is by reducing 
manufacturing steps or simplifying process flow by the introduction of in-line 
manufacturing. This will make continuous manufacturing possible, potentially 
replacing traditional batch manufacturing.   
 
There is significant lag time between manufacturing steps for the purpose of 
conducting the necessary quality checks. With the advent of PAT, it is possible to 
have a process without lag time. When the quality of the product from each step of the 
manufacturing process (e.g. granulation  tableting  coating) can be assured, lag 
time in between the steps can be removed, leading to huge savings in time and money. 
In fact, if tablet quality can be assured at all stages of the manufacturing process, the 
last stage of quality control checks may also be eliminated, giving rise to real-time 
parametric release (Fig. 1).  
 
 































II HYPOTHESES AND OBJECTIVES 
 
This research work was driven primarily by the practical need to improve coating 
technologies. Although there has been advancement in tablet coating technologies, it 
has since settled into a „standard‟ practice in the pharmaceutical industry despite a 
number of shortcomings.  The Supercell coater is a newly introduced tablet coater. It 
employs fluidizing air for tablet coating, which had typically been of limited interest 
due to the severe attrition caused to tablets (Porter, 2007). This problem was 
purportedly overcome in the Supercell coater by having a specially designed air 
distribution plate. The ability to reduce tablet damage once again opened up the 
possibility of tablet coating using air fluidization techniques. Since the Supercell 
coater is a relatively new coater, not much is known about its capabilities and 
limitations in tablet coating. In addition, there are also very few published literature 
on continuous or quasi-continuous tablet coaters.  
 
This study was undertaken to prove the following hypotheses: 
1. The Supercell coater is capable of coating small batches of tablets in a very 
rapid, predictable and uniform manner, producing coats of high quality. 
2. The coat quality of Supercell coated tablets is comparable to that of pan coated 
tablets. 
3. The Supercell coater deals with moisture evaporation more effectively and is 
advantageous for the coating of cores containing moisture-sensitive drugs. 
4. PAT tools are useful for monitoring coat development in Supercell coating.  




To test the aforementioned hypotheses, studies were carried out to accomplish the 
following objectives: 
1. To identify processing factors important for Supercell coating. 
2. To optimize the operating conditions for Supercell coating. 
3. To compare different non-destructive PAT tools for monitoring the Supercell 
coating process.  
4. To compare Supercell coating with pan coating, with respect to coat quality 
and the stability of moisture-sensitive actives in coated tablets. 
5. To evaluate the feasibility of in-line tablet coating. 
 
This thesis is divided into four main parts: 
 
A. Optimization of process parameters for Supercell coating using Design of 
Experiments (DoE) 
B. Coat development in Supercell coating and the evaluation of non-destructive 
PAT tools for Supercell process monitoring 
C. Comparative study of tablet coating using the Supercell coater and the 
conventional pan coater 



















III  EXPERIMENTAL 
A  Experimental design 
A.1  Part A 
The influences of six different process parameters on the Supercell coating process 
were investigated (A: tablet load, B: inlet temperature, C: atomizing air pressure, D: 
plenum pressure, E: spray rate, F: coating level). An initial screening was carried out 
using fractional factorial design (resolution VI) at 2 levels, with 3 centre samples. The 
number of runs carried out was equivalent to (2
6-1 
+ 3) = 35 runs. Centre samples 
allowed the determination of experimental error and non-linearities between design 
and response variables. The objective of screening was to determine which process 
parameters were important. Therefore, more process parameters were included in the 
design and the effect that each process parameter had on the responses was roughly 
estimated. Based on the results obtained from screening, optimization of selected 
process variables was next carried out. In this study, the effects of five process 
variables deemed critical to the coating process (A: tablet load, B: inlet temperature, 
C: atomizing air pressure, D: plenum pressure, E: spray rate) were investigated using 
the Box-Behnken (BB) design at 3 levels. A total of 46 experiments, including 6 
centre samples were performed. The design consisted of all combinations at the 
extreme levels of 2 or 3 process parameters while the levels of the remaining process 
parameters were kept at the centre level. Various response variables were selected to 
characterize the quality of the coat during both screening and optimization. Apparent 
optimum conditions were determined by using response surface plots generated from 
the BB design. The data obtained from optimization could therefore cover the entire 
range specified. Model significance, lack of fit, residuals and correlation coefficients 
were checked to assess the suitability of the model in describing the response surface 
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adequately. From the response surface plots, the region that resulted in the best 
response was considered the optimum region. The optimum condition for a certain 
response variable may not be applicable to the other response variables. Hence, the 
final optimized condition was derived after taking into consideration the contributions 
of all factors. All experiments were performed in a randomized manner to minimize 
any systematic effects. Table 2 shows the various process variables and their 
corresponding levels during screening and optimization in Supercell coating. 
 
A.2 Part B 
It was hypothesized that among the critical process parameters in Supercell coating, 
tablet load and plenum pressure contributed the most to the flow kinetics of tablets in 
the Supercell coating process. Hence, a factorial design was used to vary the levels of 
tablet load (L) and plenum pressure (P). This study employed a 2
2
 full factorial design 
with two factors at two levels of process parameter settings (high and low). The levels 
for tablet load and plenum pressure were 50 and 100 g, and 1500 and 1800 mm WC, 
respectively. Four different process conditions were investigated. They were denoted 
as lp, Lp, lP and LP. Capitalized letters indicate coating carried out at the high levels 
of process parameter settings while non-capitalized letters indicate coating carried out 
at the low levels of process parameter settings. Tablets were coated to six different 
coating levels, namely, 0.4, 0.8, 1.2, 1.6, 2 and 3 % w/w theoretical weight gain to 








Table 2. Process conditions for Supercell coating: (A) Screening - fractional factorial 
























1 40 80 2 1000 4 1 
2 80 80 2 1000 4 3 
3 40 120 2 1000 4 3 
4 80 120 2 1000 4 1 
5 40 80 4 1000 4 3 
6 80 80 4 1000 4 1 
7 40 120 4 1000 4 1 
8 80 120 4 1000 4 3 
9 40 80 2 1800 4 3 
10 80 80 2 1800 4 1 
11 40 120 2 1800 4 1 
12 80 120 2 1800 4 3 
13 40 80 4 1800 4 1 
14 80 80 4 1800 4 3 
15 40 120 4 1800 4 3 
16 80 120 4 1800 4 1 
17 40 80 2 1000 8 3 
18 80 80 2 1000 8 1 
19 40 120 2 1000 8 1 
20 80 120 2 1000 8 3 
21 40 80 4 1000 8 1 
22 80 80 4 1000 8 3 
23 40 120 4 1000 8 3 
24 80 120 4 1000 8 1 
25 40 80 2 1800 8 1 
26 80 80 2 1800 8 3 
27 40 120 2 1800 8 3 
28 80 120 2 1800 8 1 
29 40 80 4 1800 8 3 
30 80 80 4 1800 8 1 
31 40 120 4 1800 8 1 
32 80 120 4 1800 8 3 
33 60 100 3 1400 6 2 
34 60 100 3 1400 6 2 
























1 40 80 3 1400 6 
2 80 80 3 1400 6 
3 40 120 3 1400 6 
4 80 120 3 1400 6 
5 40 100 2 1400 6 
6 80 100 2 1400 6 
7 40 100 4 1400 6 
8 80 100 4 1400 6 
9 40 100 3 1000 6 
10 80 100 3 1000 6 
11 40 100 3 1800 6 
12 80 100 3 1800 6 
13 40 100 3 1400 4 
14 80 100 3 1400 4 
15 40 100 3 1400 8 
16 80 100 3 1400 8 
17 60 80 2 1400 6 
18 60 120 2 1400 6 
19 60 80 4 1400 6 
20 60 120 4 1400 6 
21 60 80 3 1000 6 
22 60 120 3 1000 6 
23 60 80 3 1800 6 
24 60 120 3 1800 6 
25 60 80 3 1400 4 
26 60 120 3 1400 4 
27 60 80 3 1400 8 
28 60 120 3 1400 8 
29 60 100 2 1000 6 
30 60 100 4 1000 6 
31 60 100 2 1800 6 
32 60 100 4 1800 6 
33 60 100 2 1400 4 
34 60 100 4 1400 4 
35 60 100 2 1400 8 
36 60 100 4 1400 8 
37 60 100 3 1000 4 
38 60 100 3 1800 4 
39 60 100 3 1000 8 
40 60 100 3 1800 8 
41 60 100 3 1400 6 
42 60 100 3 1400 6 
43 60 100 3 1400 6 
44 60 100 3 1400 6 
45 60 100 3 1400 6 





A.3  Part C  
In this study, the quality of tablet coats produced using the Supercell coater was 
compared against that of tablets coated using the pan coater. Pan coating is the current 
gold standard for tablet coating. As it was difficult to standardize the two coating 
processes of different operating principles, the tablets were coated under suitable 
operating conditions and the quality of the resultant tablet coats evaluated.  
 
The Supercell coater and the pan coater were also evaluated for their ability to handle 
tablet cores containing moisture-sensitive drugs. Acetylsalicylic acid (ASA) was the 
model drug used in this study. ASA will be hydrolysed to form acetic acid and 
salicylic acid (SA) when exposed to high humidity and elevated temperatures (Merck-
Index, 2006). Supercell coating was carried out under different conditions in 
accordance with a 3
3 
full factorial design (Table 3), with triplicates for each coating 
condition. Three process parameters, namely, spray rate, inlet temperature and coating 
level were each studied at three levels. These factors were likely to affect the wetting 
and drying conditions within the Supercell coater. As the pan coater has been 
relatively well studied, only one coating condition was employed for the different 
coating levels. The coating condition selected for pan coating is shown in Table 6A. 
Pan coating runs were also triplicated. 
 
The coated ASA tablets were placed in air-tight glass bottles immediately after 
coating. In order to evaluate the influence of the residual moisture on ASA 
degradation, the tablets were not allowed to equilibrate to atmospheric conditions 
after coating. The tablets were stored under accelerated conditions of 40 °C and 75 % 
relative humidity (RH) (FDA, 2003) for 6 months. An incubator oven (WTC Binder, 
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Germany) was used to maintain the accelerated conditions. At suitable time intervals, 
the tablets were analyzed for SA content.  
 









1 60 2 1 
2 90 2 1 
3 120 2 1 
4 60 5 1 
5 90 5 1 
6 120 5 1 
7 60 8 1 
8 90 8 1 
9 120 8 1 
10 60 2 2 
11 90 2 2 
12 120 2 2 
13 60 5 2 
14 90 5 2 
15 120 5 2 
16 60 8 2 
17 90 8 2 
18 120 8 2 
19 60 2 3 
20 90 2 3 
21 120 2 3 
22 60 5 3 
23 90 5 3 
24 120 5 3 
25 60 8 3 
26 90 8 3 
27 120 8 3 
 
 
A.4  Part D 
This study aimed to investigate the influence of compaction and coating on the 
dimensional changes of tablets in order to evaluate the possibility of in-line tablet 
coating. Tablets were prepared by using tapered and straight (untapered dies), 
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followed by coating either in-line or after complete viscoelastic recovery using both 
the Supercell and the pan coater.  
 
B  Materials and methods 
B.1 Preparation of tablet cores 
B.1.1  Part A 
Granules were prepared using a high shear granulator (Ultima 10 L, GEA Pharma 
Systems, UK). The formula used for granulation consisted of 74 % w/w lactose 
(Pharmatose 200M, DMV, Netherlands), 5 % w/w polyvinylpyrrolidone (PVP 
K29/32, ISP, USA), 20 % w/w microcrystalline cellulose (MCC) (Avicel PH101, 
FMC, UK) and 1 % w/w crospovidone (Polyplasdone XL10, ISP, USA).   
 
The individual powder components were weighed and placed in the high shear 
granulator. A total of 1.2 kg of powder load was used for each granulation batch. Dry 
mixing was first carried out for 3 min and this was followed by addition of the liquid 
binder (20 % w/w PVP solution) at an approximate rate of 50 g/min. The amount of 
water added to the powder mass was equivalent to 20 % of the dry weight of the 
powder load for granulation. Wet massing was then carried out for 5 min. The 
granules produced were collected and tray-dried for 24 h at 60 °C. The granules were 
allowed to equilibrate to ambient conditions and were used at least 24 h after 
collection. The dried granules were passed through a 500 µm sieve. Magnesium 
stearate, 1 % w/w (M125, Productos Metallest, Spain), was added as lubricant and 
mixed for 10 min before tableting using a rotary tablet press (Rimek Mini-press II, 
Karvanati Engineering, India).  The tablets were allowed to recover for at least 24 h 
after compaction before use.  
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B.1.2  Part B 
 
Tablets used for coat development were supplied by GEA Pharma Systems, UK. The 
tablets, which consisted of lactose, microcrystalline cellulose, starch and PVP, were 
produced by direct compression. 
 
B.1.3  Part C 
 
A directly compressible formula consisting of 54 % w/w agglomerated lactose 
(Tablettose 80, Meggle, Germany), 20 % w/w MCC (Avicel PH102 JP, Asahi 
Chemical Industry, Japan), 5 % w/w pregelatinized starch (STA1500, Colourcon, 
USA), 20 % w/w active and 1 % w/w lubricant was prepared. In the study comparing 
the coat quality of Supercell and pan coated tablets, chlorpheniramine maleate (CPM) 
(BP grade, Merck, Singapore) was used as the active and magnesium stearate (M125, 
Productos Metallest, Spain) was used as the lubricant. In the study evaluating the 
coaters‟ ability to coat tablets containing moisture-sensitive drugs, ASA (BP grade, 
Sintor, Romania) and stearic acid (Malaysia) were used as active and lubricant 
respectively. Stearic acid was used as the lubricant as magnesium stearate was 
reported to be incompatible with ASA (Parmar and Rane, 2009).  Tablettose 80, 
Avicel PH102, STA1500 and CPM or ASA were mixed in a double cone blender (AR 
400E, Erweka, Germany) at 40 rpm for 50 min. Magnesium stearate or stearic acid 
was subsequently added and mixing was continued for another 10 min. Each batch, 
comprising 2 kg of powder blend was then compressed to prepare tablet cores using a 






B.1.4 Part D 
 
A directly compressible blend consisting of 49.5 % w/w MCC (Avicel PH102, FMC, 
UK), 49.5 % w/w pregelatinized starch (STA1500, Colorcon, USA) and 1 % w/w 
magnesium stearate (M125, Productos Metallest, Spain) was used to prepare the 
tablets. The MCC and STA1500 were first mixed using a double cone blender (AR 
400E, Erweka, Germany) at 40 rpm for 50 min. Magnesium stearate was subsequently 
added and mixing was continued for another 10 min. The resultant powder blend was 
used to prepare tablets using a rotary tablet machine (Courtoy R190F, GEA Pharma 
Systems, Belgium). Tablets were compacted using either tapered or straight 
(untapered) dies. The critical dimensions of a standard die taper (tableting 
specification manual (TSM) standards) are 0.003” outwards and 0.187” deep (TSM, 
2006). Tableting was carried out at a speed of 300 tablets per min with 
precompression. Tableting dwell time was approximately 11 ms.  
 
B.1.4.1 Measurement of ejection force  
Ejection force was measured during the tableting process using a data acquisition and 
analyzing system (DASS, Puuman, Finland) with the aid of a small pressure cell and 
transducers. The analog signal was digitized using an alternating/direct current 
converter. During tableting, ejection forces were measured periodically. Ten 
revolutions of data acquisition were carried out for tableting using the tapered or 
untapered dies. The data acquisition was triplicated. 
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B.2 Tablet core characterization 
Tablet weight and percentage loss on drying (% LOD) (weighing balance AG135, 
Mettler Toledo, Switzerland), dimensions (micrometer 293-761-30, Mitutoyo, Japan), 
hardness (hardness tester HT1, Sotax, Switzerland), friability (friability tester HT2, 
Sotax, Switzerland), surface roughness (optical profiler Wyko NT1100, Veeco 
Instruments, USA), colour (Chroma Meter CR241, Minolta, Japan) and ASA content 
(HPLC LC2010A, Shimadzu, Japan) were determined. At least ten randomly selected 
tablets were used for each test and the results averaged. Table 4 shows the physical 
characteristics of tablet cores used for coating. 
 
For the different studies conducted, tablets of different shapes and dimensions were 
employed: 
Part A:  Tablets were caplet-shaped and scored on one side. 
Part B:  Normal round biconvex tablets. 
Part C:  Two types of CPM tablet cores were prepared. The first type of 
core used was a caplet, with flat surfaces but bevelled edges 
while the second type was round and biconvex. Only the round 
tablets were used for the moisture-sensitivity study where 
tablets contained ASA as active. 




Table 4. Physical characteristics of tablet cores used for coating. 
 
Tablet properties Part A Part B Part C  Part C  






Shape Caplet Round Caplet Round Round Round Round 
Thickness (mm) 3.919 ± 0.065 4.210 ± 0.021 3.767 ± 0.107 4.434 ± 0.076 4.208 ± 0.100 3.966 ± 0.025 3.977 ± 0.034 
Length (mm) 8.167 ± 0.007 
6.040 ± 0.004 
8.168 ± 0.006 
7.559 ± 0.008 7.546 ± 0.004 6.020 ± 0.002 5.994 ± 0.003 
Width (mm) 4.100 ± 0.005 4.102 ± 0.005 
Weight (mg) 149.3 ± 2.0 121.00 ± 1.30 146.3 ± 3.8 217.9 ± 6.1 206.4 ± 8.3 118.4 ± 1.5 118.4 ± 1.8 
LOD (%) - - 1.28 ± 0.02 1.20 ± 0.02 2.00 ± 0.08 6.3 ± 0.0 6.7 ± 0.1 
Hardness (N) 77.0  ± 5.8 45.50 ± 6.73 99.9 ± 10.2 84.4 ± 8.5 81.4 ± 11.7 51.0 ± 1.6 48.9 ± 3.1 
Friability (% weight load) 0.18 ± 0.12 - 0.11 ± 0.02 0.10 ± 0.01 0.048 ± 0.003 - - 
Colour (*CIELab values) L = 95.19 ± 0.31, 
a = - 0.14 ± 0.15, 
b = 3.97 ± 0.30 
L = 96.08 ± 0.58, 
a = -0.41 ± 0.38, 
b = 3.71 ± 0.26 
- - - - - 
Roughness (Ra) (nm) 549.7 ± 196.7 582. 1 ± 191.6 879.7 ± 561.9 1215.9 ± 619.0 - - - 
ASA content/tablet (mg) - - - - 41.00 ± 1.58 - - 
 
Note:  1) *CIE represents the Commission Internationale de I‟Eclairage (France). L, a, b refer to CIELab units  
 2)  - : not determined 
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B.3 Preparation of coating dispersion 
For the preparation of coating dispersions containing hypromellose as the film 
forming polymer, approximately one-third volume of the distilled water required was 
first heated to about 80 °C. The required amounts of polymer, plasticizer and pigment 
were accurately weighed. Both the polymer and the plasticizer were added slowly into 
the preheated distilled water with continuous stirring for one hour. The resultant 
mixture was refrigerated overnight to allow complete hydration of hypromellose. The 
mixture obtained was allowed to equilibrate to room temperature before the pigment 
was added gradually with constant stirring. The coloured dispersion was then 
homogenized at 4000 rpm (Silverson homogenizer, UK) for 15 min with the mixing 
head fully immersed, and adjusted to the required weight with distilled water. The 
composition of the hypromellose coating formulations employed in Parts A and B are 
shown in Table 5. 
 
In Parts C and D, commercially available coating formulations were used. In Part C, 
Opadry II (Red, Colorcon, USA) consisting of PVA as film forming polymer was 
used at a solids content of 20 % w/w of the final coating dispersion. The dispersion 
was stirred for at least 45 min prior to coating to ensure even distribution of solids in 
the aqueous media. In Part D, the coating formulation used was 20 % w/w Kollicoat 
IR (Red BASF, Germany) which contained PVA-PEG copolymer as the film forming 
polymer. The dispersion was stirred for at least 15 min prior to coating. Agitation of 






Table 5. Hypromellose coating formulations employed. 
Function 
Part A Part B 
Excipient % w/w Excipient % w/w 
Polymer Hypromellose 
(Methocel E3, Dow Chemicals, USA) 
9 Hypromellose 
(Methocel E3, Dow Chemicals, USA) 
12 
Pigment Yellow iron oxide 
(Sicopharm Yellow, Farma International, USA) 
1 Red iron oxide 
(Sicovit 30, BASF, Germany) 
1 
Plasticizer Polyethylene glycol 
(Lutrol E1500, BASF, Germany) 
1 Polyethylene glycol 
(PEG 3000, BASF, Germany) 
2 





Solvent Distilled water q.s. Distilled water q.s. 
 % solids 20 % solids 15 
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B.4 Coating equipment and coating conditions 
Coating was carried out using the Supercell coater (GEA Pharma Systems, UK) and the side-
vented pan coater (Lab Coat I, O‟Hara Technologies, Canada). The coating conditions used 
for pan coating and Supercell coating are shown in Table 6.   
 
B.5 Evaluation of coat quality 
 
B.5.1  Visual inspection 
 
Coat quality was visually inspected based on coat appearance and extent of coating defects. 
For each batch, tablets were examined for tablet damage (chipping) and twinning. Percentage 
of tablets that presented each of the aforementioned defects was determined. Other coating 
defects such as filling in of intagliations, sticking, picking and orange peel roughness were 
more qualitative in nature and therefore not considered as response variables. 
 
B.5.2  Measurement of weight and weight gain 
 
At least fifty coated tablets were randomly selected from each replicate batch and weighed 
(AG135, Mettler-Toledo, Germany). Intra-batch weight uniformity was determined from the 
relative standard deviation (RSD) of the individual weight of tablets coated in the same batch. 
Inter-batch weight uniformity was determined from the RSD of the average weight of tablets 
coated from different batches.   Weight gain was calculated by the difference between the 
weight of coated tablet and average tablet weight before coating. Tablets were equilibrated at 
ambient conditions before weight measurements were taken.  
56 
 












Parameter Part C Part D 
Pan diameter (inch) 12 12 
Batch size (kg) 1 1 
Gun to bed distance (cm) 12 12 
Spray rate (g/min) 4 3.4 
Atomizing air pressure (bar) 2 2 
Pattern air pressure (bar) 2 2 
Pan difference pressure (mbar) 1 1 
Pan speed (rpm) 10 10 
Supplied air velocity (m
3
/hr) 230-235 165-175 
Supplied air temperature (°C) 55-58 60-65 
Tablet bed temperature (°C) 40-45 40-45 
Parameter Part A Part B Part C Part C (ASA) Part D 
Batch size (g) 40, 80 50, 100 75 75 100 
Spray rate (mL/min) 4, 8 8 6 2, 5, 8 6 
Atomizing air pressure (bar) 2, 4 3 3 3 2 
Plenum pressure (mm WC) 1000, 1800 1500, 1800 1500 1600 1200 
Inlet temperature (°C) 80, 120 100 100 60, 90, 120 80 
Coating level (% w/w) 1, 3 0.4, 0.8, 1.2, 1.6, 2, 3 0.4, 0.8, 1.2, 1.6, 2, 3 1, 2, 3 3 
Hurricade size, air distribution plate* 50 mm, 50 mm ppr 50-02 
Bowl pressure (during coating) (mm WC)* -3 
Flush liquid flow rate (mL/min)* 5 





B.5.3  Measurement of percentage loss on drying (% LOD) 
 
At every sampling point, 10 tablets were removed from the process and weighed. The 
tablets were then stored in an oven (600, Memmert, Germany) maintained at 60 °C 
for 7 days and subsequently weighed again. The weight loss from the tablets was 
attributed to the moisture present in the tablets. The % LOD was calculated from the 
equation shown below, and is a reflection of the amount of residual moisture present 
in the tablets at each stage of the tablet coating process. In Part D, the % LOD of 
tablets equilibrated to 25 - 30 °C and 42 - 45 % RH was also evaluated. 
 
% LOD  =  _Loss in weight of tablets_  x 100                                         Equation 1                                                                        
1 Initial weight of tablets 
 
B.5.4  Measurement of air flow rate and orifice pressure during Supercell 
coating  
Values of both air flow rate and orifice pressure changed when process conditions 
were altered during Supercell coating. The air flow rate and orifice pressure were 
measured and indicated by the control system of the Supercell coater.  
 
B.5.5  Measurement of coating process efficiency (CPE) 
 
The CPE was determined from the actual amount of coating deposited on the tablets 
as a percentage of the theoretical amount of coating applied. The actual amount of 
coating deposited on the tablets was derived from the weight gained by the tablets 
after coating. Tablets from the entire coating batch were weighted. The tablets were 
equilibrated at 25 °C/50 % RH in a temperature- and humidity- controlled room 




B.5.6  Measurement of coat thickness 
Coat thickness was measured using either the micrometer method, or the image 
analysis method. Using the micrometer (293-761-30, Mitutoyo, Japan), coat thickness 
was derived by halving the dimensional difference between the corresponding 
locations of the tablet before and after coating. The face (y-axis), central band (z-axis) 
as well as edge (x-axis) of thirty tablets were measured for each coating condition. 
Fig. 9 shows the locations on the tablets where thickness measurements were taken.  
Average thickness is defined as the average of thickness values obtained from the 
three locations. Inter-tablet thickness variation (RSDinter) is the RSD of the average 
thickness among tablets coated in the same batch.  Intra-tablet thickness variation 
(RSDintra) is given by the RSD of coat thicknesses at the face, central band and edge 
of the tablet. 
 
In the image analysis method, eight tablets were randomly selected from each batch 
and cut diametrically into halves using a sharp blade. Tablet cross-sections were 
examined under a stereomicroscope (BX61, Olympus, Japan) using x40 objective 
lens, with the cut surface facing up. Images were captured with a digital colour video 
camera (DXC-390P, Sony, Japan) and coat thickness measured with the aid of an 
image analysis software (MicroImage version 4.5, Media Cybernetics, USA). 
Thickness of coat was measured at twelve pre-determined locations around the tablet 
cross-section, as shown on Fig. 10. At each location, the thickness of the coat at five 
closely spaced points in the locality were measured and averaged to give a more 
accurate determination of coat thickness at that particular location. Thickness of the 
coat (t) was defined as the perpendicular distance between the edge of the substrate 
core and the edge of the coat. The average coat thickness of each tablet was given by 

























Fig. 9. Diagram depicting the 3 directions at which thickness measurements were 
taken for (A) caplet and (B) round tablets. 
 
The RSD of t (RSDt) was used as a measure of uniformity of coat thickness, where a 
lower value signified more uniform coat thickness. Uniformity of coat thickness was 
determined within each tablet (intra-tablet) (RSDtintra) and also between tablets (inter-
tablet) (RSDtinter). The inter-tablet thickness variations at the faces, edges and central 
band of the tablets were also investigated. At the central band of the tablet (positions 5 
and 11), the thickness measurements were averaged to give tc. The RSD of tc (RSDtc) 









thickness within the central band of different tablets. The thickness measurements at 
the edges of the tablet (positions 4, 6, 10 and 12), were averaged to give te and the 
RSD of te (RSDte) would give the variation in coat thickness at the tablet edges. 
Similarly, the thickness measurements at the faces of the tablet (positions 1, 2, 3, 7, 8 










Fig. 10. An illustration of the twelve locations around the tablet cross-section where 
thickness measurements were obtained. Five measurements were made at each 
location and the values averaged. 
 
B.5.7  Measurement of colour 
 
From each batch, thirty tablets were randomly selected for analysis. The colour (δE) 
of coated tablets was determined using a tristimulus colorimeter (Chroma Meter 
CR241, Minolta, Japan). Light of known spectra energy was projected onto the tablet 
and measurement of the intensity of the reflected light was obtained using photo-
detectors. CIE Illuminant D65, which consisted of average daylight including 
ultraviolet (UV) range region, was used in all the colour measurements. Colour 

















front and back surfaces of each tablet. Colour was expressed by means of CIELab 
colour space values (Commission Internationale d‟Eclairage, France). The colour 
intensity, δE, was determined from the colour difference value of each measurement 
calculated with respect to the initial colour on the tablets. The equation used for the 
determination of δE is as follows: 
δE = [(Lo – Lc)
2 
+ (a0 - ac)
2




                                                      Equation 2 
where subscript “o” refers to uncoated tablets and “c” refers to coated tablets (Chan et 
al., 2001).  
 
The average coloration on a tablet surface (∆Ex) was given as the mean of δE values 
taken from the same tablet. Average coloration of the tablet (∆Ep ± SDp) was given as 
the mean of ∆Ex, for tablets coated in the same batch. The RSD of ∆Ep (RSD∆Ep) 
would give an indication of the inter-tablet colour uniformity of the coats. The 
difference in colour measurement value (δE) between the front and reverse face of the 
same tablet was given as IHδE. IHδE provides comparative information on the 
distribution of colouration on an individual tablet. The mean of the absolute IHδE for 
tablets coated in the same batch was given as IHm. The IHm value was used as a 
measure of intra-tablet coat colour variation on tablet surface. A high IHm value 
would indicate that colour variations were larger and coat was therefore less uniform.  
 
In Part A, an alternate semi-quantitative scoring system developed internally was also 
used to estimate the colour uniformity of caplets. Fig. 11 shows the diagrammatic 
representation of the scoring system for inter-tablet colour uniformity. This method of 
assessment allowed the rapid analysis of colour uniformity with reasonable accuracy.  
Fifty tablets were randomly selected from the same batch to assess inter-tablet colour 
uniformity. The tablets were arranged in 10 rows of 5, lying on the same face and 
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separated into two sets according to colour similarity. The number of tablets in the 
smaller set was determined. The score was calculated as a ratio of the number of 
tablets in the smaller set with respect to denominator of 25. The maximum score 
possible was 1 and this occurred when the tablets were separated into two equal sets 
of 25 tablets each. When colour uniformity of tablets was high, fewer tablets would be 
present in the smaller set. Therefore, according to the scoring system employed, a 
lower score value would indicate greater colour uniformity. The scoring system for 
intra-tablet colour uniformity is shown in Table 7. Ten tablets were randomly selected 
to estimate intra-tablet colour variation. For each tablet, considerations were given to 
the number of surfaces that showed similar colour and also the uniformity of each 
tablet surface. A lower score indicates greater intra-tablet colour uniformity.  
 
Table 7. Scoring system for intra-tablet colour uniformity. 
Score 
Number of faces showing 
similar colour (N1) 
Number of faces with 
uniform colour (N2) 
0 6 6 
10 5 5 
20 4 4 
30 3 3 
40 2 2 
50 0 1 
60 - 0 













          










Fig. 11. Diagrammatic representation of the scoring system for inter-tablet colour 
uniformity. 
 
B.5.8  Measurement of surface roughness  
Tablet surface roughness was determined using an optical profiler (Wyko NT1100, 
Veeco Instruments, USA). The measurement technique involved optical phase-
shifting and white light vertical scanning interferometry. Surface roughness was 
expressed using the arithmetic mean roughness, Ra, which is the mean of absolute 
values of surface deviations from the mean plane. A higher value indicates a rougher 
surface. For the screening study in Part A, ten tablets were randomly selected from 
each batch for analysis. Two surface scans with each over an area of 100 µm x 100 
µm were obtained from the tablet face. For subsequent analyses in Parts B and C, 
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
Inter-tablet colour uniformity: I < II < III 
Inter-tablet colour uniformity score: I > II > III = 25/25 > 15/25 > 5/25 = 1 > 0.6 > 0.2 
I II 
III I II 
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thirty tablets were randomly selected from each batch for analysis. Surface scans over 
a 250 µm x 200 µm area were taken from each face of the tablet. The RSD of Ra 
would give an indication of the uniformity of surface topology between tablets. 
 
B.5.9  Scanning electron microscopy  
 
In Part B, tablets were mounted on carbon tape and sputter-coated (JFC1100, Jeol, 
Japan) with gold before examination under the scanning electron microscope (SEM) 
(JSM5200, Jeol, Japan). 
 
In Part C, scanning electron microscopy was performed using a Desktop SEM 
(Phenom, FEI Company, USA). Tablets were mounted and scanned at a magnification 
of x750. No prior sample preparation was required. 
 
B.5.10  Light microscopy 
 
Tablet surfaces were examined under a stereomicroscope (BX61, Olympus, Japan) at 
x100 magnification. Images were captured with a digital colour video camera 
(DXC390P, Sony, Japan) and transferred to an image analysis software (MicroImage 
version 4.5, Media Cybernetics, USA). 
 
B.5.11  PAT tools 
 
PAT tools could be employed in-line, at-line or off-line. In this study, tablets at 
different stages of the coating process were measured using various PAT tools off-
line. The data collected was useful for monitoring the coating process and for the 
study of coat development.  
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B.5.11.1 X-ray fluorescence (XRF) spectroscopy 
 
XRF spectroscopy was carried out using the x-ray analytical microscope 
(XGT7000V, Horiba Scientific, Japan). As the coating formula used contained iron 
oxide as colourant, the amount of iron present on the tablet coat was used to indicate 
the amount of coating applied on the tablet surface.  Scanning of tablet surface was 
carried out using a 100 µm diameter laser beam. Each tablet was analyzed for its iron 
content at three locations on the tablet face. Five tablets were scanned from each 
batch. The iron peaks were automatically located and labeled, allowing quantitative 
analysis of the iron content to be carried out.  
 
B.5.11.2 Raman spectroscopy 
 
Acquisition of Raman spectra was carried out using a Raman spectrometer (R3000, 
Raman Systems Inc., USA). A diode laser of excitation wavelength 785 nm was used 
in this system to provide a very stable excitation with high signal to noise ratio. Each 
tablet was placed in a sample holder on a mounting stage at the focal distance of the 
probe and scanned on both surfaces using a beam size of 300 µm. On each tablet face, 
three different locations were scanned and three tablets were analyzed from each 
processing batch.  
 
B.5.11.3 Near-infrared (NIR) spectroscopy 
 
NIR spectra were acquired using an NIR fiber optic fluorescence probe (QR600-7, 
Ocean Optics, USA) with a beam diameter of 400 µm. The probe was attached to a 
separate NIR source and sensor (MCS 611 NIR 2.2, Carl Zeiss, Germany).  Ten 
tablets were scanned on both faces from every processing batch. 
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B.5.11.4 Model development  
For Raman and NIR spectroscopic models, coat thickness measurements obtained 
from direct image analysis of the first replicate runs of lp, lP, Lp and LP (Part B) were 
used as the reference values for quantitative calibration and model development. The 
duplicate runs of all batches were subsequently used as validation batches. For XRF 
spectroscopy, both replicate runs were used for calibration. All spectroscopic analyses 
were carried out in a non-destructive manner. A total of 450 Raman spectra, 500 NIR 
spectra and 750 x-ray spectra were used for calibration. This corresponded to 18, 20 
and 30 spectra for every coating condition at each coating level for Raman, NIR and 
XRF spectroscopy respectively. The average spectrum of these spectra was used for 
model development. The spectral regions used for both Raman and NIR spectroscopy 




and 1000 to 1900 nm, respectively. By using 
experimentally-designed data from a full-factorial study for calibration, it ensured that 
the calibration set covered the X-space in a representative manner.  
 
The coating formula used in this study contained hypromellose which has a prominent 
Raman shift at approximately 1480 cm
-1
 where aliphatic ether deformation of the 
polymer occurs (Romero-Torres et al., 2005). It was expected that as coating level 
increased, the thickness of the tablet coat also increased and this would be 
proportional to the content of hypromellose present in the tablet coat. Some 
characteristic NIR features for hypromellose include CH, CH2 and CH3 vibrations at 
1200 and 1700 nm, and R-OH vibrations at 1450, 1900 and 2100 nm (Lin-Vien et al., 
1991). For both Raman and NIR spectra processing, refinement of the spectra was 
first performed by Savitzky-Golay smoothing. Spectra were also pre-processed using 
the standard normal variate (SNV) algorithm. In this transformation, scattering of 
responses  was  removed by  normalizing  each spectrum by  the standard deviation of 
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the responses across the entire spectral range (SNVdata= (Ydata-Yaverage)/Ysd). The 
transformed responses were then subject to partial least squares regression (PLS1) so 
that the dependent variable Y (coat thickness) can be predicted on the basis of 
independent variable X (Raman or NIR spectra).  
 
B.6  Measurement of drug content  
 
B.6.1  Assay of CPM 
 
To assay the amount of CPM loaded on the tablet coat, individual tablets were 
crushed and immersed in 20 mL of methanol as extraction solvent. The mixture was 
sonicated (LC60H, Elma, Germany) for 1 min to dissolve the coats and then 
centrifuged (Sigma 2-5, Sartorius, Germany) at 4000 rpm for 5 min prior to filtration 
through a 0.45 µm membrane filter (RC, Sartorius, Germany). Analysis of drug 
content was carried out using high performance liquid chromatography (HPLC) 
(LC2010, Shimadzu, Japan). The mobile phase used consisted of methanol and water 
(1:1) at a flow rate of 1 mL/min whilst the stationary phase consisted of a 5 µm BDS 
Hypersil C18 column (150 mm x 4.6 mm; Thermo Electric Corp, USA). The column 
was maintained at 40 °C throughout the analysis. Detection of chlorpheniramine 
maleate was carried out at 264 nm using a variable wavelength UV detector. The 
amount of CPM present was determined by the use of CPM standard calibration 
curve. Ten tablets were evaluated for each batch and the results averaged to give the 
drug content of each tablet. The uniformity of drug content between tablets was 
indicated by the RSD of the drug loading efficiency (DLE). The DLE was calculated 
as follows: 
 
DLE (%) =          Actual amount of drug present in one tablet       x 100     Equation 3 




A single, well-resolved CPM peak was obtained in this analytical method. The 
average retention time of CPM was found to be 1.61 min. The RSD of the retention 
time for the 460 samples tested was 2.32 %, indicating excellent repeatability of the 
analytical method used. 
 
B.6.2  Assay of ASA 
 
The ASA was extracted from the tablet using the same procedure for CPM. ASA and 
its main breakdown product, salicylic acid (SA), were detected using HPLC 
(LC2010A, Shimadzu, Japan) by a method previously reported (Loh et al., 2008). Ten 
µl of the filtrate was used for the assay. A reversed phase C18 column (BDS Hypersil, 
5 µm, 150 x 4.6 mm, Thermo Electric Corporation, USA) was employed as the 
stationary phase. The mobile phase consisted of phosphate buffer (pH 2.8) and 
acetonitrile in a ratio of 4:1. The column was maintained at 40 °C throughout the 
analysis. Detection of both ASA and SA was carried out at 254 nm using a variable 
wavelength UV detector.  The amount of ASA and SA present were determined by 
the use of ASA and SA standard calibration curves. 
 
The percentage degradation of ASA was calculated as follows: 
 
Degradation of ASA (%) =       Amount of SA _         x 100                      Equation 4                                                
Amount of ASA and SA  
 
At least 9 tablets were evaluated for each coating condition and the results averaged. 
The chromatograms showed well-resolved peaks with retention time of 3.4 min for 
ASA and 4.6 min for SA.   





B.7  Calculation of zero-order rate constant (K0) 
 
The chemical decomposition of drugs in the solid state often follows pseudo zero-
order kinetics (Connors et al., 1986). The rate of ASA degradation was studied by 
fitting the data obtained to zero-order kinetics (Nakabayashi et al., 1981) using 
KaleidaGraph version 4.0 (Synergy Software, USA). The zero-order equation is 
shown below: 
K0 t = Q  - Q0                                                                                                                                                  Equation 5 
where Q is the amount of drug degraded at time t, Q0 is the initial amount of drug and 
K0 is the zero-order rate constant. The goodness of fit to the equation was evaluated 
by determining the squared correlation coefficient (R
2
), where a higher value indicates 
better fit to the zero-order degradation kinetics model.  
 
B.8  Evaluation of tablet dimensional changes  
Tablet dimensional changes in controlled environment of 25 - 30 °C and 42 - 45 % 
RH were measured. A chamber containing a saturated potassium carbonate solution 
was used to provide the above conditions. The experimental set-up is shown in Fig. 12 
(Tan et al., 2011). An instrument consisting of a rotating turntable with 18 angled 
platforms was enclosed in the chamber. Each platform held an individual tablet. Two 
laser optical sensors (optoNCDT 1700-20, Micro-Epsilon, Germany) were mounted at 
positions perpendicular and parallel to the rotating surface. The laser optical sensors 
were used for the determination of changes in tablet displacement in both the axial 
and the radial directions respectively. Measurements were taken continuously as the 
turntable rotated, generating real-time data. The displacement sensors operated on the 
basis of laser triangulation with a resolution of 1.5 µm and a sampling rate of 2.5 kHz. 
The data obtained were transferred to a computer using RS232 cables and data 
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processing was carried out using MATLAB (R2010a, The MathWorks, USA). Tablet 
dimensions were recorded every 5 min during the first hour and every 30 min 
subsequently. The dimensional change of tablets in the axial or radial direction was 
expressed by the following equation:  
Dimensional change (%) = (Df - Di)/ Di * 100                                              Equation 6      
where Df is the final tablet dimension and Di is the initial tablet dimension. Tablet 










Laser optical sensors 
Rotating turntable 
with angled platforms 
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B.9 Statistical analysis  
 
Unless otherwise stated, the factorial, response surface and all statistical analyses 
were performed using Minitab Release 14 (Minitab Inc, USA). The level of 
significance was set at p < 0.05.  
 
In analysis of effect, the main effect of the process parameter is defined as the change 
in response caused by changing the level of the studied parameter from low to 
medium to high levels. The main effect of the parameter is therefore averaged over all 
levels of other factors varied. The squared correlation coefficients (R
2
) for the 
analysis of effect indicates how much variation is explained by the analysis and is 
calculated by the formula: 1- (SSerror/SStotal), where SS represents the sum of squares. 
A larger R
2 
indicates a better explanation of the data. In response surface analysis, the 
models used must be significant (p < 0.05) and display no significant lack of fit (p > 
0.05). Similarly, a large R
2 
indicates better fit to the response surface models. 
 
For all spectral processing, chemometric and multivariate analyses (MVA), the 


























IV  RESULTS AND DISCUSSION 
A. Optimization of process parameters for Supercell coating using Design of 
Experiments (DoE) 
Coating of tablets is a multivariate process and is therefore sensitive to the properties 
of the tablet cores, the coating formulation applied, manufacturing techniques and 
changes in process conditions (Heinamaki et al., 1997). In this study, the influence of 
different process conditions on the quality of Supercell coated tablets was evaluated. 
In traditional experimental designs, the effects of changes to process conditions on 
process outcomes are often investigated by varying the process parameters one at a 
time. As such, interactions among process parameters are ignored and this can only 
lead to a local optimum during optimization. The DoE is a technique whereby several 
process parameters are varied systematically within predefined ranges so that their 
effects on the response variables can be estimated and checked for significance 
(Esbensen, 2001). The DoE, in combination with multivariate techniques, was shown 
to be useful in quantifying effects of changes in coating process conditions on the 
quality and performance of tablets coated using the conventional pan coater (Porter et 
al., 1997, Heinamaki et al., 1997). Even though several studies had investigated the 
effects of changing various process conditions in the Supercell coater, no systematic 
studies focusing on the identification and optimization of critical process parameters 
for the Supercell coating process has been published. For example, a recent study on 
the Supercell coater only involved studying different spray rates for coating tablets to 
investigate the influence of different wetting conditions on the quality of coats formed 
(Tang et al., 2007). Differing coat characteristics were obtained under different 
wetting conditions but the interaction effects between spray rate and other process 
variables were not fully investigated. For a long time, optimization has been based on 
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the operator‟s experience and utilizes a black-box approach that relies on final product 
uniformity (Shelukar et al., 2000). The DoE consists of an initial screening stage, 
followed by optimization. Different process parameters are varied concurrently and 
several responses are measured. Individual optima of the responses can be determined 
using response surface methodology. The eventual optimum setting of process 
parameters will be a compromise between the individual optima. 
 
It was hypothesized that through DoE, important process parameters for Supercell 
coating could be identified and optimized for the production of quality tablet coats. In 
addition, this study was aimed at providing better insights on the capability of the 
Supercell coater for better understanding of its operation and how the process 
parameters and their interactions could affect the quality of the tablet coats produced.  
 
A.1  Coating process and duration 
Table 2A shows the various coating conditions employed in the preliminary screening 
study. The flow of tablets within the coating chamber was generally good for all the 
coating conditions except one. The latter condition consisted of the highest load (80 
g), lowest plenum pressure (1000 mm WC) and the lowest atomizing pressure (2 bar). 
The tablets were fluidized only up to three-quarters of the whole chamber height. For 
all batches, coating was extremely rapid, with the coating process completed between 
13 - 166 s.  
 
Table 2B shows the coating conditions employed during the optimization study. 
Coating runs were completed between 43 - 172 s. Movement of tablets within the 
chamber was lively and reasonably unfretted for all the coating conditions employed. 
The time required for each coating run was dependent solely on the batch size, spray 
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rate of coating dispersion as well as coating level employed. The larger the batch size, 
more coating dispersion was needed to achieve the same coating weight gain. This 
corresponded to a longer coating time. However, coating time could be reduced with 
increased spray rate.  
 
A.2  Tablet appearance after coating 
Any coat defects such as edge chipping, twinning or colour variation could be readily 
identified visually. Coats of differing quality were observed during both screening and 
optimization studies.  
 
A.3  Screening  
Table 8 shows the statistical analysis of the response variables to the process 
variables. When investigating a fluid bed tablet coater, attrition was an obvious 
concern. Hence, the ranges of process parameters set during a coating run were of 
critical importance to ensure that tablets were not damaged during the coating 
process. All factors, with the exception of coating level, were found to be significant 
in affecting the percentage of tablets that were damaged or chipped. This was not 
surprising since all the process parameters varied had a significant influence on the 
movement of tablets within the coater. When movement was vigorous, more tablet 
damage would be expected. Increased tablet load and spray rate reduced the incidence 
of tablet damage. Larger tablet loads probably made fluidization more restricted. 
Hence, with shorter flight paths, high speeds were not achievable and collisions 
between tablets were relatively milder. Increased spray rate resulted in shorter coating 
duration, which could have reduced the degree of tablet damage because resident time  
of tablets in the coater was reduced. On the other hand, increased inlet temperature,
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Table 8. Statistical analysis of results for experiments conducted based on 2
6-1(VI)
































A - ++ NS - NS NS NS NS NS NS NS +++ NS NS NS 
B +++ NS +++ NS -- +++ + ++ NS NS NS NS NS NS NS 
C + NS NS NS NS NS NS NS NS NS NS NS NS NS NS 
D +++ - ++ NS NS NS ++ + NS NS NS NS +++ +++ NS 
E --- NS NS NS NS NS NS NS NS NS NS --- NS NS - 
F NS + +++ --- --- +++ +++ +++ --- --- NS +++ NS NS + 
AB NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS 
AC NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS 
AD NS - NS NS NS NS NS NS NS NS NS NS NS NS NS 
AE NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS 
AF + + NS NS NS NS NS NS NS NS NS NS - - NS 
BC NS NS NS - NS NS NS NS NS NS NS NS NS NS NS 
BD + NS NS -- NS ++ NS NS NS NS NS NS NS NS NS 
BE NS NS NS NS + NS NS - NS NS NS NS NS NS NS 
BF NS NS NS NS NS NS NS NS NS NS NS --- NS NS NS 
CD NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS 
CE NS NS NS NS NS NS NS NS NS NS NS NS - NS NS 
CF - NS NS NS NS NS NS NS NS NS NS NS NS NS NS 
DE NS NS - NS NS NS - - NS NS NS NS NS NS NS 
DF NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS 
EF NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS 
 
Note:  1. NS: Not significant, +/-: Significant  
2. +/- indicate the direction of change in response as a result of a change from low to high levels of process parameter tested  
3. Number of +/- indicates the degree of contribution from process parameters on the responses measured 
4. A: Tablet load, B: Inlet temperature, C: Atomizing air pressure, D: Plenum pressure, E: Spray rate, F: Coating level 
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atomizing and plenum pressures increased tablet damage. High inlet temperature 
made tablets drier, with reduced moisture-related plasticizing effect and made 
collisions more intense. Therefore, impacts with coater surfaces or with other tablets 
were more liable to abrade the tablet surfaces. It was found out later, during the 
optimization stage, that air flow rates were increased when temperature was raised 
even as plenum pressure was kept constant. This increased air flow rate could also 
increase tablet damage due to the higher velocities imparted to the tablets. Increased 
atomizing and plenum pressures also affected the fluidizing capacity of the coater. 
Tablets were impacted with greater momentum and this resulted in a higher extent of 
damages when they hit the coater surfaces or with one another.  
 
Increased batch size and coating level increased the incidence of tablet twinning due 
to relatively wetter conditions and increased propensity for tablets to come in contact 
with one another. On the other hand, the increase in plenum pressure led to less or no 
twinning due to better drying capacity and fluidization of tablets.  
 
As expected, coating level strongly affected the average thickness of coats obtained. 
Temperature and plenum pressure were also found to exert a significant effect. As 
temperature and plenum pressure were increased, coat thickness also increased. It was 
postulated that the increased temperature and better tablet fluidization resulted in 
faster drying and more porous coats, leading to thicker tablet coats. Spreading of 
droplets also became more difficult due to faster drying and this reduced incidence of 
tablet sticking.  
 
For both inter-tablet and intra-tablet thickness variations, increased coating level 
significantly reduced the variation in coat thickness. However, inter-tablet thickness 
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variation was found to be more significantly affected by batch size while intra-tablet 
thickness variation was more affected by inlet temperature.  
 
Taking a closer look at the thickness variation within tablets, variation was higher at 
the faces of the tablet than the central band and edge (Table 9). Since viscoelastic 
recovery is typically more pronounced in the axial than radial directions (Picker, 
2001), the above observations could be partially attributed to the variation in tablet 
core thickness being more evident at the tablet face. This was further substantiated by 
the greater standard deviation (SD) of tablet core thickness when compared to tablet 
core length or breadth prior to coating (Table 4). Similar findings were reported by 
Okutgen et al. (1991b) in their study on tablet coating. Therefore, it might be prudent 
to use thickness measurements at tablet central band or edge to study the effects of 
process variables on coat thickness. Coat thickness was found to be greatest on the 
tablet central band, followed by the face and lastly, the edge at all coating conditions 
tested. It is well-known that there is greater uniformity of material deposition in a 
fluid bed system. It was apparent from the findings that even though the intra-tablet 
thickness variation was not significant, there were still differences in the distribution 
of coating materials on the tablet core. However, to date, little is known about the 
distribution of spray in a fluidized bed, and the mechanism of spray deposition onto 
particles (KuShaari et al., 2006). Modeling or simulations of the tablet movement in 
the Supercell coater may be investigated to better understand the distribution of 












Coat thickness (µm)  RSD (%) 
Face Central band Edge  Face Central band Edge 
1 16 17 10  85 35 57 
2 36 48 32  44 14 13 
3 44 69 48  46 23 32 
4 9 19 13  129 44 26 
5 38 48 27  54 21 22 
6 5 19 12  291 17 33 
7 10 26 17  134 38 31 
8 40 55 42  35 21 22 
9 36 54 39  43 17 27 
10 8 24 15  165 44 33 
11 13 30 19  96 38 47 
12 56 76 54  28 18 20 
13 12 28 16  139 51 40 
14 43 70 44  49 23 24 
15 53 79 52  34 21 27 
16 28 36 24  64 28 49 
17 37 63 40  49 13 16 
18 5 21 14  219 13 18 
19 8 24 16  198 20 27 
20 43 60 40  40 13 17 
21 10 21 14  120 32 71 
22 49 76 48  43 12 16 
23 45 64 44  41 14 17 
24 21 24 14  79 21 38 
25 4 18 13  246 27 35 
26 37 69 43  37 15 17 
27 51 61 40  41 20 30 
28 15 28 15  113 26 27 
29 30 54 39  66 20 48 
30 13 28 14  133 22 35 
31 21 28 17  72 23 36 
32 57 73 51  30 17 31 
33 27 43 27  68 23 18 
34 34 41 28  59 17 31 
35 37 43 26  48 21 26 
 
 
Both air flow rate and orifice pressure were found to be highly dependent on plenum 
pressure. Plenum pressure was therefore the main contributor to fluidization of tablets 
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within the coater. By varying plenum pressure, it was possible to control the extent of 
tablet fluidization within the coater.  
 
The coating process efficiency (CPE) is a measure of the actual amount of coating 
material deposited on the tablet with respect to the theoretical quantity applied. In the 
screening runs, none of the process parameters were found to affect CPE significantly. 
In fact, for most conditions, CPE was found to be higher than 98 %. The  CPE 
responses for the pan coater ranged from 25 - 100 % when pan coating variables were 
altered (Porter et al., 1997). Thus, the Supercell coater, in the ranges studied, had 
performed well in this aspect. The high CPE values obtained inferred that loss of 
coating material was low regardless of the changes to the coating conditions.  
 
The Ra values were significantly affected by spray rate and coating level. Increased 
spray rate reduced roughness but increased coating level produced the opposite effect. 
The latter was also observed in other studies on film coating of tablets (Prater et al., 
1981). However, roughness was excluded in the optimization studies because an 
„optimum‟ roughness value was difficult to define. Even though it is an important 
response variable, visually acceptable appearance with minimization of roughness 
would be sufficient for acceptance of a batch of coated tablets.  
 
For both inter-tablet and intra-tablet colour uniformity, the process variables generally 
did not show any significant effects with the exception of coating level. It was 
apparent visually that 1 % and 2 % (centre samples) coating levels did not provide 
adequate colour uniformity between tablets. On the other hand, tablets with 3 % 
coating weight gain had generally acceptable colour uniformity. Increased coating 
level improved colour uniformity between and within tablets in the same batch. 
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Moreover, little or no colour changes are perceptible after full colour development. 
Therefore, coating level was fixed at 3 % in the optimization studies and the number 
of factors investigated was reduced from 6 to 5.  
 
It was interesting to note that for most of the responses measured, interaction effects 
were extremely complex. For instance, increased atomizing pressure alone resulted in 
an increase in chipping tendencies but interaction effect between atomizing 
pressure*coating level was found to reduce chipping tendencies. Even though 
temperature alone did not affect coating duration and an increased coating level 
resulted in longer coating durations, interaction effect between inlet 
temperature*coating level was found to reduce coating time significantly. Interaction 
effects were difficult to comprehend and reflected the complexity of the coating 
process. It is therefore important to recognize that the effect of changing a certain 
process parameter may be dependent on the relative levels of other parameters. 
Hence, responses are not easily predicted. Therefore, response surface methodology is 
an important tool to ensure that all variables are taken into account when considering 
the ideal settings for production. 
 
A.4  Optimization  
The complexity of variable effects on critical responses made multiple response 
optimizations extremely difficult. This was very much the case for the Supercell 
coating process. During optimization, the levels of five process parameters (Factors A 
- E) were varied according to the Box-Behnken (BB) model. This model was chosen 
because the screening study showed that the optimum condition did not lie at the 
extremes. For example, when spray rate was high and fluidizing capacity was lowest, 
coating conditions became too wet and movement of tablets became increasingly 
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sluggish as sticking took place. In addition, extension of the fractional factorial design 
used in the screening study to a central composite design may require the assessment 
of non-achievable levels. For instance, maximum achievable plenum pressure was 
1800 mm WC and could not be further increased.   
 
The mean of average response and that of centre samples measured during screening 
experiments should be comparable if there was a linear relationship between the 
process and the response variables. The results showed that several responses 
including percentage tablet damage, twinning and thickness variations, were likely to 
be non-linear (Fig. 13). Hence, during optimization, a non-linear model should be 
used. The BB model could be used to evaluate linear as well as quadratic or cubic 
relationships between the process and response variables. A total of 46 experiments 
were required for optimization, including 6 centre samples. All response variables 
were measured as per screening study with the exception of colour and roughness 
which were excluded. In addition, drug content uniformity was assessed and it was 
determined by HPLC. 
 
All models generated were checked for model significance in addition to lack of fit. 
Only significant models (p < 0.05) and those displaying non-significant lack of fit (p 
> 0.05) were further analyzed. These models were used in the generation of response 
surface plots. From the response surface plots, it was possible to predict the 
corresponding responses when process parameters were altered. Response surface 









During screening, orifice pressure and air flow rate were found to increase with 
increase in plenum pressure. However, the increase was non-linear and this was not 
detected during screening. According to the response surface analysis for these two 
response variables, the R
2
 of the quadratic models describing orifice pressure and air 
flow rate were 0.988 and 0.967 respectively. This meant that the model was 
describing the orifice pressure and air flow rate very well. Temperature was also a 
significant contributory factor in affecting orifice pressure and air flow rate. At the 
same plenum pressure, increase in temperature raised both air flow rates and orifice 
pressure, but to a lesser extent for the latter. Since changes to temperature also 
affected air flow rate and orifice pressure, the effects of temperature should be 
considered when controlling the movement of tablets in the Supercell coater. Figs. 
14A and 14B show the effects of increasing plenum pressure on air flow rate and 
orifice pressure at different temperatures.  
 
For all conditions employed, the CPE values were more than 97.5 % and twinning 
was not observed in many of the batches. Hence, CPE and twinning were unable to be 
modeled satisfactorily via response surface methodology and thus were unsuitable as 
response variables for optimization of the coating condition. On the other hand, 
temperature, plenum pressure, spray rate, atomizing air pressure, plenum 
pressure*spray rate were significant in affecting tablet damage or chipping. A 
quadratic model of chipping tendencies resulted in R
2
 value of 0.823. The extent of 
tablet damage was considered one of the most important response variables for tablets 
coated using the Supercell coater. Great care must be taken to avoid tablet damage as 
this would severely affect the quality of the tablet batch. Chipping was therefore 
weighted heavily for process optimization. The response surface plot for chipping 
tendencies is shown in Fig. 14C. 
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Thickness measurements at any locations of the tablet have implications on coat 
uniformity. Coat thickness should be uniform at all locations and this is especially 
important in controlled release tablet coats. Coat thickness at the central band or edge 
of the tablet was less variable than that at the tablet face and was therefore more 
suitable for model development in coat thickness prediction (Perez-Ramos et al., 
2005). Higher variability at tablet face was due to viscoelastic recovery of tablet core 




0.837 with inlet temperature, atomizing pressure, plenum pressure, squared-effects of 
inlet temperature, plenum pressure*temperature, temperature*spray rate showing 
significant effects. On the other hand, the model based on tablet length measurements 
had R
2
 value of 0.717, with inlet temperature, plenum pressure, squared-effects of 
temperature, plenum pressure*spray rate showing significant effects. Since the model 




it was a better fit 
compared to the model built on tablet length measurements. There was a significant 
lack of fit for the model built on coat thickness at tablet face. Figs. 14E and 14F show 
response surface plots of coat thickness at tablet edge and tablet central band 
respectively. 
 
The model for RSD of face and central band coat thickness fitted the data obtained 
but this was not so for the RSD of coat thickness at tablet edge. The model for RSD of 
coat thickness at the tablet face had R
2 
value of 0.717. This was slightly higher than 
the R
2 
value of coat thickness RSD at the tablet central band which was 0.680. 
However, as discussed previously, tablet central band thickness variation would 
reflect the actual coat thickness variation more accurately. Batch size, plenum 















































































































































Fig. 14. Response surface plots for (A) air flow rate, (B) orifice pressure, (C) chipping/tablet damage, (D) Log (DLE), (E) coat 
thickness at tablet edge, (F) coat thickness at tablet band, (G) RSD of coat thickness at tablet band and (H) inter-tablet coat thickness 
RSD.  
Note: Hold values for process parameters not included in the response surface plots were defined as the centre values of the studied 




spray rate were significant in affecting RSD of coat thickness at the tablet central 
band. Conversely, batch size, temperature, squared-effects of atomizing pressure and 
squared-effects of spray rate were significant in affecting RSD of coat thickness at the 
tablet face. Fig. 14G shows the response surface plot for RSD of coat thickness at the 
tablet central band. The model for inter-tablet coat thickness RSD had R
2 
value of 
0.688 with batch size, squared-effects of batch size, squared-effects of atomizing 
pressure, squared-effects of spray rate and squared-effects of plenum pressure 
showing significant effects. Fig. 14H shows the response surface plot for inter-tablet 
RSD of coat thickness. On the other hand, the model for intra-tablet coat thickness 
variation did not fit the data well. 
 
Fig. 14D shows the response surface plot for DLE. A quadratic model was used to 
generate the plot and it was found to have R
2
 value of 0.869. Data was log-
transformed prior to response surface analysis to reduce skewness of the data. The 
DLE should ideally be be as close to 100 % as possible. In-process losses of the active 
ingredient had to be minimal for the process to be economically viable (Rege et al., 
2002). Content variation would also be of critical importance when actives were 
coated onto the tablets. Only batch size was shown to be significant in affecting DLE. 
A trough was observed in the response surface plot for DLE, indicating greater drug 
deposition when the batch size was near the lower and higher levels. At higher batch 
sizes, greater drug deposition was probably due to the presence of a greater surface 
area to capture the coating spray with less material being lost as exhaust. At lower 
batch sizes, a lower tablet cycling time mitigated the reduction in surface area  and 
enabled the tablets to make more passes through the coating zone. All squared-effects 
were significant. The RSD of DLE was found to range between 4.97 – 37.65 % for 
the coating conditions studied. The RSD of DLE would be important in process 
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optimization for the coating of actives. However, response surface analysis of the 
RSD of DLE obtained in this study did not display adequate model fit. Hence, this 
response was not used for subsequent optimization.  
 
Based on the results obtained, only the response surface models for DLE, chipping 
tendencies and RSD of coat thickness at tablet central band were suitable for 
subsequent optimization of the coating conditions. The optimized conditions should 
maximize DLE while minimizing the incidence of tablet damage and variation in coat 
thickness. 
 
A.5  Response optimizer 
The simultaneous optimization of the individual responses resulted in an optimum 
value whereby trade-offs between individual optima were used to obtain the best 
compromise. The statistical software used (Minitab Release 14, Minitab Inc, USA) 
calculates individual desirabilities for the responses and combines them to provide a 
measure of the overall desirability of the multi-response system. Composite 
desirability (D) is a measure of how the solution has satisfied the combined goals for 
all the responses and ranges from zero to unity. Unity represents the ideal case while 
zero indicates that one or more responses are outside their acceptable limits. The 
optimal operating conditions were determined by maximizing D. Through the 
response optimizer function, it was possible to optimize the process conditions (A - 
E), which would lead to the highest DLE (i.e. highest coating yield) and minimal 
chipping tendencies. The D value was found to be 1 (Fig. 15). When RSD of coat 
thickness at the tablet central band was added as response variable for optimization, 
optimal D was lowered to 0.821 and the optimal parameters had shifted to the other 
end of the design space (Fig. 16). The latter was attributed to the quadratic 
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relationship of most of the response variables with respect to the process variables. 
Many squared-effects of process variables were significant, which indicated 
significant curvature in the response surfaces, instead of a simple linear relationship. 
In both Fig. 15 and Fig. 16, the values in brackets are the optimized conditions. Each 
graph in the figures represents a response surface for the range of process parameter 
settings examined (x-axis) against the response measured (y-axis). The horizontal 
dotted lines in the figures indicate the response achieved at the predicted optimum of 
each process parameter, which is in turn indicated by the vertical lines. For example, 
the optimal conditions predicted to achieve log DLE of 1.990 were batch size of 
42.1331 g, inlet temperature of 82.5594 °C, atomizing pressure of 2.8932 bar, plenum 




Fig. 15. Response optimization of drug loading efficiency (DLE) and chipping 









Fig. 16. Response optimization of drug loading efficiency (DLE), chipping tendencies 
and coat thickness RSD at tablet central band with optimized conditions in brackets. 
 
When carrying out response optimization, greater importance and weight was placed 
on DLE and chipping tendencies, while keeping variation in tablet thickness to a 
minimum. This response optimizer function may also be used for predicting the 
responses when new process conditions are employed. The flow properties of tablets 
in the coater may vary when tablets of different physical dimensions are used. Hence, 
the optimization results could only be accurately extrapolated to tablets of the same 
shape and dimensions, as well as coating dispersion of similar composition used in 
this study. However, these findings would allow better choice of working range 
settings for process parameters in optimization studies. The process of response 
optimization becomes increasingly difficult when more response variables are 
included. The optimal conditions predicted will also be altered. The selection of 
response variables for optimization should depend on the main purpose of coating. 
Batch size Inlet temperature Atomizing pressure Plenum pressure Spray rate 
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Chipping tendencies should always be weighted heavily for optimization in Supercell 
coating. The yield and inter-tablet RSD of drug distribution will be important in active 
coating. On the other hand, RSD of coat thickness will be more critical for controlled 
release coatings. 
 
A.6  Principal Component Analysis (PCA) 
PCA is a projection method whereby information carried by the original variables are 
projected onto a smaller number of underlying variables called principal components 
(PCs). In this study, the data from both the screening and optimization designs were 
pooled together for the generation of a PCA model. The first principal component 
(PC1) covers as much of the variation in the data as possible. The second principal 
component (PC2) is orthogonal to the first and covers as much of the remaining 
variation as possible, and so on. By plotting the principal components, 
interrelationships between different variables, sample patterns, groupings, similarities 
or differences may be detected. Before generating the PCA model, the data were first 
normalized. Different responses were measured using different instruments, with 
different measurement units and under different conditions. Application of weights 
(1/SD) allowed the data to be transformed to approximately the same scaling and 
allowed a more even distribution of variances and average values. Besides DLE 
which was already log-transformed, weights were applied to all the other variables.  
 
In this study, PC1 and PC2 together explained 55 % of total X variation. Fig. 17 
shows the correlation loadings plot for all the process and response variables, 
including inner and outer ellipses which indicate the extent of variance explained. 
Variables which were found within the inner ellipse of the loadings plot and close to 
the origin were not significant factors. An interesting observation was seen from the 
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PCA loadings plot of this study. The processing parameters which were varied did not 
appear to explain much of the variances present in the data as they were located in the 
inner ellipse near the origin of the loadings plot (Region A). This means that these 
variables were poorly explained by the plotted PCs and cannot be interpreted in the 
plot. Only plenum pressure appeared to be correlated strongly to other response 
variables. Plenum pressure was positively correlated to air flow rate, orifice pressure 
and chipping tendencies (region C). Region C and region B or D have independent 
variations since they were orthogonal to one another. Regions B and D are closer to 
the horizontal axis and were therefore explained mainly by PC1. On the other hand, 
region C, lying closer to the vertical axis, is explained to a greater extent by PC2. 
Coating level, coating time and coat thickness at tablet central band were positively 
correlated (region D). Inter-tablet coat thickness RSD was also positively correlated to 
coat thickness RSD at tablet central band (region B). Regions B and D are on opposite 
sides of the PC2 axis, suggesting that inter-tablet coat thickness variation would be 
reduced by increasing coating time and coat thickness. 
 
PCA is useful in providing a broad picture of the inter-relationships between different 
variables. Many of the processing variables in Supercell coating were found to be 
poorly explained by the model. This might be due to insufficient sensitivity of the 
response variables in detecting the difference or that they were insufficiently 
correlated to the process variables. However, it could also mean that changes to the 
levels of the processing variables across the design space did not result in drastic 
changes to the outcome, inferring that the Supercell coating process was quite robust. 
The range of processing variables used were within typical operating conditions of the 
Supercell coater. While the use of broader ranges may result in significance, it may 




Fig. 17. PCA correlation loadings plot for process and response variables. 
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A.7  Conclusion Part A 
This study had enabled a greater understanding on the operation of the Supercell 
coater. The effects that process parameters and their interactions had on response 
variables were investigated. Screening study had shown that for most of the response 
variables measured, changes to process parameters resulted in a non-linear change in 
response. Interaction effects between process parameters were also found to be 
complex. Film coating in the Supercell coater is a very complicated process and many 
factors could inter-play to affect the process as well as the response variables studied. 
Thus, optimization based empirically on various tests and response variables is 
extremely challenging. For a long time, optimization has been based on the operator‟s 
experience and utilizes a black-box approach that relies on final product uniformity 
(Shelukar et al., 2000). This study had shown the immense prospects of using 
statistically designed experiments to optimize the Supercell coating process. By using 
response surface methodology and optimization, coating conditions which produced 
coated tablets of high drug loading efficiency, low chipping tendencies and low coat 
thickness variation were defined. Optimal conditions were found to vary over a range 
when different responses were considered. Changes in processing parameters across 
the design space did not result in drastic changes to coat quality, thereby 
demonstrating robustness in the Supercell coating process. It was possible to use DoE 
for future optimization of formulations in the investigation on the Supercell coater. 
Moreover, since the optimization study took into consideration the various quality 
aspects of a coated tablet, the results were also likely to be more accurate at predicting 
an optimized set of process conditions for coating. 
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B. Coat development in Supercell coating and the evaluation of non-
destructive PAT tools for Supercell process monitoring 
Even though much research has investigated the influence of tablet and coating 
formulations on film properties, there has been few extensive studies on the role of 
process parameters in determining the appearance and behaviour of the coated 
product (Aulton and Twitchell, 1995). In general, changes to process parameters 
during pan coating were recognized to have the potential of affecting end product 
quality (Ruotsalainen et al., 2003). It was shown in Part A that this was not an 
exception for Supercell coating. In a separate study by Tang et al. (2007), coats of 
differing qualities were produced depending on the drying conditions in the Supercell 
coater. However, the change in coat quality with time has not been investigated. The 
measurement of tablet-to-tablet coating variations over time is an important means of 
characterizing different coating stages (Romero-Torres et al., 2006). Therefore, it was 
of interest to not only evaluate coat quality in the Supercell coater but also assess how 
the coating develops. Since coating time was reduced to only seconds in the Supercell 
coater, process parameters may play a great role in affecting the end product quality 
of the coated tablets.  
 
Tablet load and plenum pressure are two main factors which would affect the 
movement of tablets in the Supercell coater. It was thus postuated that these two 
factors would also affect coat development and coat quality of the tablets. The aim of 
this study was to investigate coat development by evaluating the uniformity of tablet 
coats formed at the different processing conditions in the Supercell coater. Coat 
characteristics were analyzed at various coating levels, under different tablet load and 
plenum pressure. The uniformity of film coatings provides information on the quality 
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of film coated tablets. Weight gain, coat thickness, surface roughness and colour were 
the factors used for the assessment of coat quality.  
 
In addition, it was of interest to evaluate and identify a suitable, fast and non-
destructive method for monitoring coat thickness development in the Supercell coated 
tablets. Direct measurement of coat thickness is seldom carried out and the use of 
theoretical or indirect thickness measurements is often preferred. The most recent 
advancement for direct coat thickness measurement utilizes an ultrasonic wave pulse 
to determine coat thickness based on time-of-flight measurements of the elastic wave 
propagation in the coating layer (Akseli et al., 2009). However, other direct thickness 
measurement methods remain in general, a laborious procedure which is also prone to 
errors. For this reason, the development of a quick, non-destructive and accurate 
method for measuring coat thickness was explored in several studies. A 
pharmaceutical process, such as film coating, is a complex multivariate system. 
Multivariate measurement methods like Raman (Kauffman et al., 2007) or NIR 
spectroscopy (Buchanan et al., 1996, Perez-Ramos et al., 2005) use a single measured 
datum to carry the information on the property to be evaluated. Other methods which 
are also used for analysis of coated tablets include acoustics (Akseli and Cetinkaya, 
2008), terahertz spectroscopy (Ho et al., 2007), x-ray photoelectron spectroscopy 
(Felton and Perry, 2002), fourier-transform infrared spectroscopy (Felton and Perry, 
2002) and laser induced breakdown spectroscopy (Madamba et al., 2007). Although 
the concept of relating such techniques to the coat thickness of tablets is not new, it 
was of additional interest to evaluate the sensitivity of these methods to determine 
differences in coat thickness as a result of changes to processing conditions in the 
Supercell coater. Moreover, no study had attempted to compare several spectroscopic 
methods to evaluate the most suitable method for future analysis of film coated 
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tablets. By predicting coat thickness accurately using information from such process 
analyzers and incorporating them in manufacturing process controls, it will help 
ensure optimal performance of the final product. This is one of the aims of the PAT 
framework previously described. In this study, the usefulness of Raman, NIR and 
XRF spectroscopy as methods for coat thickness determination was assessed. 
 
B.1  Coating duration 
Processing time was very short for all batches, ranging between 7 - 25 s. In contrast, a 
typical pan coating process would have taken at least 30 min to complete. 
 
B.2  Tablet appearance after coating 
There were no signs of tablet twinning or adherence to the surface of the coating 
chamber. Edge defects or other tablet damage were also not apparent. For all coating 
conditions (lp, lP, Lp and LP), tablet coat became progressively more homogeneous 
and colour also became darker as the coating level increased. Between the two 
batches of tablets coated under the same conditions, no noteworthy differences were 
observed. At coating levels greater than  2 %, the tablets visibly appeared uniform in 
colour.  
 
B.3  Analysis of tablet weight gain 
The extent of film coating has been traditionally determined by applying a specified 
amount of material or measuring weight gain of tablets (Perez-Ramos et al., 2005). It 
is a fast, simple but indirect method of characterizing amount of coating applied 
(Andersson et al., 1999). Inter-tablet coating uniformity is generally defined as the 
variation in weight gain of tablets (Porter et al., 1997). Weight gain variability occurs 
in the coating process because all of the tablets in a bed do not behave identically in a 
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given time period. The number of passes each tablet makes through the spray zone is 
not identical (Pandey et al. 2006). Weight gain is dependent on coating-per-pass 
distribution and the total number of passes distribution, which generally approaches 
Gaussian as coating time increase (Mann et al., 1974). Coating-per-pass distribution 
contributes more than 75 % to total coating uniformity (Shelukar et al., 2000). In an 
ideal coating process, an identical amount and distribution of coating is applied on 
every tablet. However, this is not possible in practice and the aim of a well designed 
coating process is to reduce the spread of this distribution.  
 
Fig. 18 shows the relationship between weight gain and coating level for lp, lP, Lp 
and LP. Tablets were coated to six different coating levels, namely, 0.4, 0.8, 1.2, 1.6, 
2 and 3 % w/w theoretical weight gain. Theoretical weight gain was defined as the 
theoretical increase in dry weight of tablets after coating. Weight gain was shown to 
increase linearly as coating level increased with the exception for LP, where a 
leveling effect was observed when the coating level exceeded 2 % w/w coating 
weight gain. For the other three coating conditions, linear regression resulted in R
2
 
greater than 0.9. Tablet load, plenum pressure and the interaction effect between them 
were not shown to be statistically significant (p > 0.05) in affecting the weight gain of 
tablets. The lack of difference suggests that the Supercell coating process was 
sufficiently robust within this experimental design space and changes to tablet load or 




Fig. 18. Relationship between coating weight gain and coating level for () lp, (□) lP, 
(Δ) Lp and LP (). 
 
Coating weight gain is an approximate reflection of coating efficiency. In this study, 
weight gain was calculated by the difference between the weight of the coated tablet 
and the average tablet weight before coating. There are disadvantages to using this 
method to characterize coatings since weight of coated tablet could be confounded by 
the weight variation of the tablet cores. The latter accounted for the negative weight 
gain values shown in Fig. 18. However, this method is still used extensively and the 
variations of weight gain between different tablets continue to provide valuable 
information on the coating process. The results obtained suggested that there was a 
loss in coating efficiency for LP as the coating process progressed beyond 2 % 





B.4  Analysis of coat thickness 
Thickness is an important parameter in the evaluation of coat quality. For any 
particular tablet type, it was demonstrated that coat thickness could vary markedly at 
different points of the tablet surface (Twitchell et al., 1995). Coating material 
typically does not distribute uniformly over the entire tablet surface (Silva et al., 
2001), which makes measurement of coat thickness a difficult task (Romero-Torres et 
al., 2005). Coat thickness is commonly measured using the micrometer. In this study, 
the tablet central band was selected as the measurement region as the face of the tablet 
experienced a greater amount of viscoelastic recovery after compaction. Therefore, 
the variability of tablet height was much greater than the variability of tablet diameter. 
Since coat thickness was defined by the dimensional difference between coated 
tablets and average dimension of uncoated tablets, the use of tablet diameter 
measurements would minimize the inaccuracies in coat thickness approximations. 
Although this method lacked sensitivity at the lower coating levels, it was reasonably 
accurate in showing the trend accuracy at higher coating levels. It was found that the 
coat thickness values obtained using the micrometer were consistently higher than 
those determined by image analysis. This was probably due to the micrometer‟s 
insensitivity and invariable over-estimation in measurements close to the micron 
range. Regardless of the inadequacies of the method, the use of the micrometer 
remains as one of the most popular methods of coat thickness measurement because 
measurements are rapid and non-destructive, and the micrometer is affordable. 
However, the occurrence of variations in coat thickness within the tablet highlights the 
potential inaccuracy of determining coat thickness values using a micrometer, since it is 
likely to measure only the thickest part of the tablet coat (Twitchell et al., 1995). The 
image analysis method employed in this study was considered to be one of the best 
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reference methods to determine coat thickness (Andersson et al., 2000). In addition, 
the method also had the added benefit of evaluating coat thickness at multiple 
locations of the tablet. 
 
Figs. 19A and 19B show the relationships between coat thickness and coating level, 
measured using both image analysis and the micrometer respectively. It should be 
noted that there was generally good agreement between these two methods. Coat 
thickness increased linearly as coating level increased with the exception for LP, 
where a leveling effect was observed when the coating level exceeded 2 % w/w 
coating weight gain. For the other three coating conditions, linear regression resulted 
in R
2
 greater than 0.9. Tablet load, plenum pressure and the interaction effect between 
them were not shown to be statistically significant (p > 0.05) in affecting the coat 
thickness of tablets. Nevertheless, the same trend was observed for coat thickness 
measured using both image analysis and micrometer methods: lp > Lp > lP > LP. 
 
When the same amount of coating materials is applied, coat thickness can be used to 
indicate the film coat density. It was assumed that the coat density was the same  at all 
points of the tablet. Thicker coats indicate decreased density and increased air 
entrapment within the coats, which is likely to happen when spray-drying occurs or 
when there is insufficient droplet spreading and coalescence on the tablet surface 











Fig. 19. Relationship between coat thickness measured using (A) image analysis method and (B) micrometer, and their 
respective RSDtinter  (C and D) with coating level for () lp, (□) lP, (Δ) Lp and LP (). RSDs of more than 100 % are not 







Fluidized tablets were expected to decelerate in the upper parts of the coating 
chamber before being cycled to the coating region. The tablets in the upper parts were 
subject to the effects of gravity and fluidizing air (Wesdyk et al., 1990). Higher 
fluidizing air pressure would oppose the fall of the tablets back to the coating zone, 
leading to increased cycle time and fewer passes in the coating zone. Less coating 
materials would be deposited on the tablets and the coats produced were likely to be 
thinner. In this study, it was found that tablets coated under higher plenum pressure 
were thinner than the tablets coated at the corresponding load but at lower plenum 
pressure. Similarly, increased tablet load at constant plenum pressure also resulted in 
tablet coats which were thinner. Even though tablets were fluidized less readily due to 
the higher load, and the increased surface area present should have allowed tablets to 
capture more coating dispersion, greater tablet to tablet contact assisted the spreading 
of spray droplets with less air entrapment, leading to the production of a thinner coat. 
Thus, if plenum pressure was increased without a corresponding increase in tablet 
load, increase in air entrapment was expected, leading to slightly thicker coats.  
 
In Figs. 19C and 19D, the RSD of thickness between tablets (RSDtinter) coated at 
different conditions showed a general decline as coating level was increased, 
indicating increased inter-tablet coat thickness uniformity. The errors associated with 
the use of micrometer for coat thickness measurements were much higher than that of 
the image analysis method, especially at the low coating levels. The micrometer is 
less sensitive as it is only able to measure the thickest part of the coat. For the image 
analysis method, RSDtinter ranged from 6.37 to 17.95 % for all coating levels. In fact, 
at coating levels exceeding 1.6 %, RSDtinter were lower than 9.15 % for tablets coated 
under all conditions. Using the micrometer, RSDtinter was between 16.74 to 23.18 % 
for tablets coated to 3 % w/w coating weight gain. The reduction in RSDtinter with 
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increased coating levels could also be partially attributed to the improvement in 
measurement accuracy as coats became thicker with increase in coating levels. In a 
study reported in the literature, tablet face thickness measured by the micrometer was 
found to have an RSD of about 22 % when coated to attain about 3.14 % w/w coating 
weight gain using the pan coater (Romero-Torres et al., 2006). The corresponding 
RSD value of the Supercell coated tablets in this study ranged from 16.74 – 23.18 %, 
indicating that Supercell coating could produce a uniform coat. 
 
Intra-tablet coat thickness uniformity is important in functional coatings because an 
even coat thickness will help ensure that drug release from the tablet would be 
uniform and predictable. In several studies, coat thickness on tablet surface was 
shown to be greater on the tablet face compared to the tablet band (Perez-Ramos et 
al., 2005, Twitchell et al., 1995, Silva et al., 2001, Mowery et al., 2002). However, 
there were also studies which reported that coatings were thicker at the edges of the 
tablet (Ho et al., 2007, Madamba et al., 2007). The discrepancy was likely to be due to 
differences in film growth rate related to the preferred orientation of tablet cascade in 
the pan coater. Since these studies were performed under dissimilar conditions and 
circumstances, it was not surprising that such differences were observed. Due to the 
nature of tablet movement in the Supercell coater, it was certainly of interest to 
investigate the differences in coat thickness between the face and the sides of the 
tablet. From Table 10, the face of the tablet was found to have the thickest coating, 
followed by the edge and central band of the tablet at all the process conditions 
studied. A notable point was that no significant difference (p > 0.05) between the 
mean of coat thickness at the face and side of tablets coated to 3 % coating level was 
observed at all conditions, indicating that uniformity at all regions of the tablet was 
achieved. Table 11 shows the relationship between RSD of thickness values within 
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the tablet (RSDtintra) and coating level of tablets. It was observed that the RSDtintra 
also decreased when the coating level increased, indicating greater intra-tablet coating 
uniformity as coating level increased. However, this reduction in RSD was not 
statistically different for all conditions when coating levels exceeded 1.2 %. This 
suggests that even at low coating level of 1.2 %, RSDtintra was successfully 
minimized. The reduction in coating variability with increased coating time was 
consistent with previously published studies (Kalbag et al., 2008). It was suggested 
that when inter-tablet thickness variation was higher than intra-tablet thickness 
variation, it was likely to be due to the non-uniform movement of tablets in the 
coating pan or non-uniform spray patterns during the coating process (Mowery et al., 
2002). Consequently, the coating process itself was the main cause of coating non-
uniformity. However, in the Supercell coating process, the inter-tablet coat thickness 
variability was lower than intra-tablet variability, implying a more uniform coating 
process. At 3 % coating level, RSDtintra ranged between 17.09 to 23.28 %. The 
Supercell process was proven to be a rapid method for making aesthetic coats of high 
inter- and intra-tablet coat thickness uniformity.  
 
Table 10. Coat thickness at the face, edge and central band of tablets coated to 3 % 
w/w coating weight gain at lp, lP, Lp and LP, measured using the image analysis 













Coat thickness (µm) 
Face Edge Central band 
lp 28.18 (4.32) 26.07 (4.64) 25.93 (3.51) 
lP 22.78 (2.87) 21.77 (2.99) 21.06 (2.51) 
Lp 28.80 (3.52) 25.71 (2.61) 21.95 (2.51) 
LP 20.30 (3.13) 19.25 (2.50) 18.75 (2.73) 
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Table 11. Relationship between RSDtintra  and coating level for () lp, (□) lP, (Δ) Lp 






lp lP Lp LP 
0.4 35.88 30.41 22.18 29.50 
0.8 28.42 21.57 30.48 24.63 
1.2 27.42 21.91 26.00 22.16 
1.6 22.25 21.60 23.81 23.05 
2 23.22 17.59 20.41 21.75 
3 17.81 17.09 23.28 19.72 
 
B.5 PAT tools for Supercell process monitoring 
Both Raman and NIR spectroscopy are spectroscopic methods which can measure a 
number of chemical and physical parameters indirectly. The XRF spectroscopic 
method is also useful for detecting the elemental content of the tablet coat. The 
aforementioned methods are advantageous as they are reasonably rapid, non-
destructive and allow representative sampling of more dosage units. In this study, 
these methods were compared as analytical tools for evaluating the Supercell coated 
tablets. Coat thickness was chosen to be correlated to the spectroscopic techniques 
because the variation in coat thickness would likely reflect a corresponding change in 
the analytical signal. When combined with chemometric methods, such spectroscopic 
measurements allow the prediction of coat thickness with the use of appropriate 
calibration models. Thus, a method for the rapid evaluation of the applied coating and 
its uniformity during the coating process may be developed. The model development 
method is described in Section III.B.5.11.4. In a coating process, coat thickness can 
vary greatly on the face and side of the tablet. However, in this study, no significant 
difference was observed between the coat thickness at the face and side of the tablet. 
Therefore, the data obtained from the various analytical techniques was calibrated 
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using the average coat thickness obtained from direct image analysis measurements at 
all locations of the tablet. Even though direct coat thickness measurements were time-
consuming, they provided reliable results for spectra calibration and model 
generation. With respect to the implementation of the PAT tools in-line, it will be 
difficult to handle 100 % testing. However, a much larger sample size may be 
measured in comparison to the sample size required by the conventional 
pharmacopoeial end-product testing method. 
 
B.5.1 XRF spectroscopy  
The inclusion of a drug to the coating formulation and the subsequent detection of this 
compound on the tablet coat have been traditionally used as one of the methods to 
evaluate coating efficiency and uniformity. However, it is often not the formulator‟s 
intention to incorporate drug into the coat unless there is interest in using the coating 
process for layering of the drug in a coat-dosing system. Moreover, the addition of 
drug into the coating formula might unintentionally alter the properties of the coat. 
Typically, iron oxide pigments are incorporated into the coating formulation as 
colourants. It is therefore possible to evaluate coat uniformity based on the 
distribution of the pigments instead of drugs.  It is feasible to use XRF spectroscopy 
to determine the amount of iron present in the coat. In XRF, x-rays are directed at 
atoms which excite the electrons located in the internal orbit of the electron shell, 
causing them to move to the outer shells. When the electrons fall back to the vacant 
orbit, x-rays equivalent to the energy difference between the orbits are generated. This 
x-ray fluorescence generated is specific to each element and is detected by a silicon 
semiconductor detector. It is possible to detect the fluorescence released as a result of 




Elemental analyses of materials often require the use of atomic absorbance 
spectroscopy. However, atomic absorbance spectroscopy is a wet-chemistry based 
analytical method which is both time-consuming and destructive. There has been no 
literature report on the use of XRF spectroscopy to investigate tablet coats. Laser-
induced breakdown spectroscopy was successfully used to detect emissions of iron in 
coated samples (Madamba et al., 2007). However, this method is destructive as a 
high-power laser is used to ablate the surface of the sample. This allows the sample to 
dissociate into its atomic species, which are subsequently excited. Similar to XRF 
spectroscopy, the atoms would emit light at wavelengths characteristic of the elements 
present during the relaxation phase. 
 
Fig. 20A shows the relationship between iron count rate detected by the XRF 
spectrometer and coating level. It was observed that the trend for iron content present 
in the tablet coat was generally similar to the trend for coat thickness (Fig. 19A). 
However, a difference was observed for tablets coated at LP at the lower coating 
levels of less than 2 % w/w weight gain. In previous coat thickness characterization 
tests, tablets coated at LP consistently showed thinner coats compared to those coated 
at lp and Lp. On the contrary, results from XRF spectroscopy showed that iron 
content was higher for tablets coated at LP until the leveling effect was observed. 
Coat thickness was a measured outcome which may be affected by process 
conditions. For instance, increased air entrapment between the polymer layers would 
increase coat thickness although the amount of coating applied was kept constant. 
Hence, the amount of iron present in the tablet coat is a better reflection of the process 
efficiency. The leveling effect observed in LP was an indication that process 
efficiency was declining over time with less coating materials deposited. The same 
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leveling effect was observed for tablet weight gain (Section IV.B.3), which could also 
be used to indicate process efficiency.   
 
Calibration of iron intensity against coat thickness could easily be performed without 
the use of chemometric instruments since there was only one element of interest. This 
was carried out by plotting coat thickness of tablets from all the batches against the 
corresponding iron intensity (Fig. 20B). If coat thickness is directly correlated to iron 
intensity, a linear relationship should be observed between the two parameters.  The 
R
2 
values obtained ranged between 0.90 to 0.98. However, at different coating 
conditions, the same iron intensity may indicate different coat thicknesses.  
 
Although XRF spectroscopy enabled rapid measurements, it was less suitable for the 
accurate prediction of coat thickness because the relationship is affected by the 
coating conditions employed. Nevertheless, XRF spectroscopy is useful for providing 
other information about the coating process, such as the efficiency of the coating 
process. This method utilizes the surface analysis of materials, which therefore makes 
it an extremely valuable tool for the study of tablet coatings and its associated 
variability. With the advancement of tablet coating technologies, it might be possible 
to accurately deposit low-dose drugs on the tablet coat, thereby circumventing the 
granulation step usually undertaken to ensure eventual dose uniformity of drugs in all 
the tablets. XRF spectroscopy could rapidly assay the amount of drugs present on the 
tablet coat and replace the use of traditional wet chemistry methods. However, this 
method is feasible only when the molecular structure of the drug contains elemental 





Fig. 20. Tablets coated to various levels at conditions of () lp, (□) lP, (Δ) Lp and () 
LP. The amount of iron present on the tablet coat was analyzed using x-ray 
fluorescence spectroscopy. (A) Relationship between the intensity of iron detected 
from the coat surface and the coating level. (B) Relationship between coat thickness 










lp – 0.90, lP – 0.95,  
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B.5.2  Raman spectroscopic prediction of coat thickness  
Raman spectroscopy has found many applications in the pharmaceutical industry, 
ranging from detection of counterfeits to determination of active contents (Sasic, 
2007). It is also commonly employed for process manufacturing as a PAT tool for 
good process control. Raman spectra consist of bands which correspond to vibrations 
of the molecules of interest. Energy is transferred between the excitation source and 
the molecules with inelastic scattering of monochromic radiation. Advantages of 
Raman spectroscopy include the non-invasive nature of measurements. It is also fast, 
with little or no sample preparation. 
 
Some technical challenges associated with using Raman spectroscopy to quantify 
tablet coatings are fluorescence, which can be pronounced for coloured samples such 
as those containing iron oxide, and the lack of analytical specificity due to the 
overshadowing of much weaker Raman signals (McGoverin et al., 2008). However, it 
was reported that Raman spectroscopy could be a viable means of non-invasively 
quantifying tablet coat thickness through the judicious use of several data 
transformation approaches (Romero-Torres et al., 2006). Moreover, it had also been 
previously found to be suitably calibrated against coat thickness (Kauffman et al., 
2007). A separate study also found it to be a useful method of analysis for tablet-to-
tablet variation of coat thickness (Romero-Torres et al., 2005).  
 
In this study, Raman spectra were correlated with changes in coat thickness as coating 
progressed. As the coating level increased, it was found that the intensity 
contributions due to the tablet core were reduced but the intensity contributions due to 
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the coat increased (Fig. 21). In a paper by Kauffman et al. (2007), the total analytical 
signal was assumed to be a linear combination of coat and core signals. Therefore, 
PLS regression method was used to relate the Raman spectra obtained with coat 




Fig. 21. (A) Raw Raman spectra of uncoated tablet core and tablets coated to 0.4, 0.8, 
1.2, 1.6, 2 and 3 % w/w coating weight gain (LP).  
Note: Region A corresponds to contributions by the tablet core while region B 
corresponds to contributions by hypromellose. With increasing coating level, the 
contribution of the coat to the analytical signal increases but the contribution due to 
the tablet core decreases. 
 
Calibration was performed on spectra obtained from tablets coated during the first 
runs of all coating conditions tested and also thickness measurements obtained from 














cross-validation was used to generate the calibration model, and test set validation 
was performed on the model subsequently. From the scores plot for calibration 
samples (Fig. 22), it was possible to differentiate clusters of coated samples as well as 
uncoated tablets. The closer the samples are in the score plot, the more similar they 
are with respect to the two components concerned. Conversely, samples far away 
from each other are different from each other. It appeared that tablets coated to 
different coating levels were not very effectively clustered. However, general 
clustering was observed for uncoated tablets, tablets coated up to 1.2 % coating level 
and lastly, tablets coated between 1.6 % and 3 % coating levels.  Percentages of X and 
Y explanations were also shown on the scores plot. If the sum of the explained 
variances for the two PLS components is large, it indicates that the plot shows a large 
portion of the information in the data and the relationships may be interpreted with 
higher degrees of certainty. On the other hand if it is small, it might be necessary to 
study more components, to consider another transformation or there might just be too 
little meaningful information in the data. The scores plot generated from this study 
resulted in high X and Y explanations (both 92 %) for the first two PLS components. 
Fig. 23 shows the PLS1 calibration model generated. Only one PLS component was 
required to explain the variation between X and Y. RMSEC (root mean square error 
of calibration = 2.57) was found to be close to RMSEP (root mean square error of 
prediction = 2.83). This means that prediction error was low since the deviations 
between predicted and real values were rather low. Calibration was successfully 
performed with an R
2
 value of 0.89 while the R
2 




The calibration model was validated using Raman spectra and thickness 
measurements obtained from the duplicate runs of lp, Lp, lP and LP. Independent 
sample t-test was used to compare the means between Raman-predicted and optically-
measured thickness values, and p-values greater than 0.05 indicate no statistical 
significance between measured and Raman-predicted coat thickness. A list of Raman-
predicted values and their corresponding measured values are shown in Table 12. For 
all conditions tested, no significant difference was found between measured and 
Raman mean values, which meant that the model was successful in predicting the coat 
thickness of the coated tablets. As spectroscopic methods often have high levels of 
error, it might be useful to further increase sampling sizes to improve the model as 
well as the prediction abilities. The plot of Raman-predicted coat thickness against 
coating level is shown in Fig. 24. Similar trends were observed between the predicted 
values and the real values obtained by image analysis method (Fig. 19A). Tablets 
coated at lp had the thickest coat, followed by those coated at Lp, lP and LP. The 
leveling of coat thickness in LP was also successfully predicted. At the lower coating 
levels, the trend on how thickness was varied did not appear to be distinct between 
different methods. It was probable that the higher inter-tablet thickness variations at 
lower coating levels could have made discrimination more difficult. It was possible to 
use this model to predict tablet coat thickness for future experiments which utilize the 
same conditions as those in this study. This method of analyzing tablet coatings would 
allow many more tablets to be examined than the currently recommended numbers 
under pharmaceutical suggested guidelines. It may be possible to even screen all 

















Table 12. Comparison between Raman-predicted coat thickness values with measured values for tablets coated at various coating 
conditions.  
 
 lp  lP  Lp  LP 
 Coat thickness (µm) 
Coating level 
(% w/w) 
Predicted Measured  Predicted Measured  Predicted Measured  Predicted Measured 
(SD) (SD)  (SD) (SD)  (SD) (SD)  (SD) (SD) 
0.0 0.38 0  0.38 0  0.38 0  0.38 0 
 (1.54) (0)  (1.54) (0)  (1.54) (0)  (1.54) (0) 
0.4 9.24 6.27  7.09 6.15  8.26 8.77  6.17 5.59 
 (1.64) (0.92)  (1.85) (0.66)  (1.68) (1.35)  (1.67) (1.13) 
0.8 11.01 12.64  11.11 8.73  13.66 11.43  11.22 9.63 
 (1.79) (0.98)  (1.58) (0.80)  (2.06) (1.24)  (2.01) (0.54) 
1.2 14.72 14.20  12.32 14.75  12.17 14.45  9.00 11.25 
 (2.33) (1.95)  (5.17) (1.02)  (2.05) (1.97)  (2.34) (1.47) 
1.6 15.96 22.08  12.22 15.40  15.42 17.60  17.59 18.22 
 (3.58) (0.79)  (2.11) (1.18)  (2.12) (1.13)  (3.50) (1.34) 
2.0 20.76 22.08  19.90 18.28  20.09 18.47  23.58 20.01 
 (1.76) (1.91)  (2.76) (1.26)  (2.73) (1.99)  (1.77) (1.24) 
3.0 31.67 26.26  27.95 24.76  22.77 21.45  22.18 19.01 
 (2.62) (1.63)  (3.49) (2.33)  (2.25) (1.48)  (1.44) (1.41) 






Fig. 24. Relationship between Raman-predicted coat thickness and coating level, for 
tablets coated at () lp, (□) lP, (Δ) Lp and () LP. 
 
 
B.5.3  NIR spectroscopic prediction of coat thickness 
Most materials will absorb IR radiation to a certain extent. When a source of IR 
energy irradiates a sample, the sample will absorb the energy resulting in transitions 
between molecular vibrational and rotational energy levels. For a fundamental 
vibrational mode to be IR active, a change in the molecular dipole must take place 
during the molecular vibration. Typically, anti-symmetric vibrational modes and 
vibrations due to polar groups are more likely to exhibit prominent IR absorption 
bands. Absorption bands in the NIR region of the spectrum arise from overtones or 
combinations of fundamental vibrational motions, in addition to combinations of 
overtones. Overtone absorption bands are the result of forbidden transitions arising 
from the ground vibrational energy level to a higher atomic energy level greater than 







times less intense than their corresponding fundamental absorption bands (Bugay and 
Findlay, 2002). However, an advantage of NIR is its ability to penetrate much further 
into a sample than mid infrared radiation. Therefore, although NIR spectroscopy is 
not a particularly sensitive technique, it is still very useful for analyzing bulk 
materials with little or no sample preparation. The majority of overtone bands in the 
near-IR arise from R-H stretching modes (O-H, N-H, C-H, S-H). Due to the large 
mass difference between the two atoms, large-amplitude vibrations arise with high 
anharmonicity and large dipole moments. Typically, in pharmaceutical analysis, NIR 
spectroscopy is used for the detection of water (strong O-H combination band). The 
many O-H and O-R (R = CH, CH2, CH3) groups present in the structure of 
hypromellose could possibly contribute to the detection and measurement of applied 
coatings. 
 
When coating level was increased, it was found that the intensity contributions due to 
the tablet core were reduced but the intensity contributions due to the coating 
increased (Fig. 25). The same clustering pattern was observed from the scores plot of 
NIR calibration samples (Fig. 26) as compared to the scores plot of the Raman 
method. This indicates equivalent clustering capabilities. The scores plot generated 
from this study resulted in high X and Y explanations (89 and 88 % respectively) for 
the first two PLS components. Fig. 27 shows the PLS1 calibration model generated. 
Only one PLS component was required to explain the variation between X and Y. 
RMSEC (root mean square error of calibration = 3.17) was also found to be close to 
RMSEP (root mean square error of prediction = 3.56). Prediction error was low since 
the deviations between predicted and real values were low. Calibration was 
successfully performed with an R
2
 value of 0.84 while the R
2 
for prediction was found 






Fig. 25. Second-derivative NIR spectra of uncoated tablet core and tablets with 3 % 
w/w coating weight gain (LP).  
Note: Region A corresponds to contributions by the tablet core while region B 
corresponds to contributions by hypromellose. With increasing coating level, the  
contribution of the coat to the analytical signal increases but the contribution due to 























Fig. 27. Summary of PLS1 calibration model built using pretreated NIR spectra at the 1000-1900 nm region. 
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The calibration model was validated using NIR spectra and thickness measurements 
obtained from the duplicate runs of lp, Lp, lP and LP. A list of NIR-predicted values 
and their corresponding measured values are shown in Table 13. Independent sample 
t-test was used to compare the means between NIR-predicted and measured thickness 
values. For all conditions tested, no significant differences were found between 
measured and NIR-predicted mean values, which meant that the model was generally 
adequate in predicting the coat thickness. However, it was observed from Fig. 28 that 
at 3 % coating level, tablets coated at Lp had the thickest coats, followed by those 
coated at lp, lP and LP. This differed from results obtained previously by all other 
methods. The validation process had erroneously predicted that tablets coated under 
Lp had thicker coats than lp.  In general, the standard deviations of coat thickness 
values associated with the NIR spectroscopic method were also higher compared to 
the Raman method.  In addition, the model generated from NIR spectroscopy also had 
a relatively lower prediction potential than the Raman model as observed from the R
2 
values. The NIR spectroscopic method was not as sensitive as the Raman 
spectroscopic method in detecting small differences in coat thickness but might still 







Table 13. Comparison between NIR-predicted coat thickness values with measured values for tablets coated at various coating 
conditions. 
 
 lp  lP  Lp  LP 
 Coat thickness (µm) 
Coating level Predicted Measured  Predicted Measured  Predicted Measured  Predicted Measured 
(% w/w) (SD) (SD)  (SD) (SD)  (SD) (SD)  (SD) (SD) 
0 1.02 0  1.02 0  1.02 0  1.02 0 
 (11.20) (0)  (11.20) (0)  (11.20) (0)  (11.20) (0) 
0.4 9.99 6.27  9.80 6.15  8.30 8.77  9.76 5.59 
 (5.74) (0.92)  (5.23) (0.66)  (7.29) (1.35)  (4.70) (1.13) 
0.8 12.22 12.64  12.70 8.73  12.73 11.43  14.99 9.63 
 (6.21) (0.98)  (4.38) (0.80)  (3.59) (1.24)  (4.10) (0.54) 
1.2 15.40 14.20  15.24 14.75  11.67 14.45  10.75 11.25 
 (2.91) (1.95)  (5.17) (1.02)  (4.28) (1.97)  (3.93) (1.47) 
1.6 15.48 22.08  14.51 15.40  20.04 17.60  14.94 18.22 
 (5.35) (0.79)  (4.05) (1.18)  (4.26) (1.13)  (5.10) (1.34) 
2 20.51 22.08  18.67 18.28  22.49 18.47  21.79 20.01 
 (4.39) (1.91)  (5.36) (1.26)  (3.68) (1.99)  (4.96) (1.24) 
3 26.14 26.26  26.26 24.76  35.57 21.45  21.09 19.01 
 (5.18) (1.63)  (5.18) (2.33)  (4.66) (1.48)  (5.10) (1.41) 




Fig. 28. Relationship between NIR-predicted coat thickness and coating level, for 
tablets coated at () lp, (□) lP, (Δ) Lp and () LP. 
 
B.6  Analysis  of surface roughness  
Coat surface roughness is dependent on the roughness of the substrate; the properties 
of the coating formulation applied and also coat application conditions (Aulton and 
Twitchell, 1995). Smooth surfaces tend to be glossier, while rough coats appeared 
more matt (Juuti et al., 2006). Naturally, a smooth coat is desired, as it is more 
aesthetically pleasing. The clear advantage of using the optical profiler for measuring 
surface roughness of tablet coat is its non-destructive nature. Measurements could 
also be obtained rapidly. In this study, Ra (arithmetic mean roughness) was used as 







It was previously shown that film coating resulted in an increased surface roughness 
for all tablet cores with the exception of very porous cores (Prater et al., 1978, 
Seitavuopio et al., 2006). Changes to process parameters can affect the properties of 
the droplets of coating solution coming into contact with tablet surface. This affects 
the spreading, penetration and drying of the coating solution from the tablet surface, 
which would in turn affect surface roughness. Surface roughness parameters are 
therefore important in quantifying the physical appearance of the coat during 
formulation and process optimization (Rowe, 1981c). 
 
Change to tablet load for Supercell coating was found to be significant (p < 0.05) in 
affecting coat roughness while plenum pressure did not have any significant effect. 
There was no significant interaction effect between tablet load and plenum pressure (p 
> 0.05). Increase in tablet load led to increased smoothness of the tablet coat. This 
was probably due to the increased contact between tablets during coating, where the 
rubbing effect could have resulted in the smoothing out, spreading and coalescence of 
the impinged coating solution before it dried, leading to the formation of smooth 
coats. On the other hand, a lower load would be easier to fluidize but tablets were kept 
further apart. With better air flow around the tablets, any droplets could be rapidly 
dried once they impinge on the surface of the tablet and this led to the formation of 
rougher coats. It was reported that coat application conditions which enhanced droplet 
spreading or reduced tendency to spray dry would produce smoother, thinner and  
denser films (Twitchell et al., 1995). Indeed, the coating condition which produced 
the thickest coat (lp) was observed to also have the greatest surface roughness.  
 
Fig. 29A shows an increase in surface roughness with progression of the coating 
process. It was previously reported that surface roughness would increase from the 
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beginning of the coating process until the film coat covered the whole surface area of 
the tablet (Seitavuopio et al., 2006). One-way ANOVA was performed on the surface 
roughness values of tablets coated at the different process conditions for all coating 
levels. No significant differences (p > 0.05) were observed between the surface 
roughness values at 2 and 3 % coating levels for tablets coated at all process 
conditions tested, indicating full film coverage when coating level exceeded 2 %. In 
fact, for Lp and LP, this stabilization of surface roughness was observed earlier, when 
the coating level reached 1.6 %. These two conditions were also found to produce 
smoother coats, as indicated by their lower Ra values (Fig. 29A). Collectively, it may 
be inferred that process conditions which led to the production of smoother coats also 
resulted in better and faster film coverage. However, changes to process conditions 
did not significantly affect the RSD of Ra. From Fig. 29B, it is noted that the RSD for 
surface roughness remained relatively high even when coating levels were increased. 
There was also no distinct trend for the RSD of Ra as coating progressed. Coat 
deposition was viewed as a random process and uniformity of roughness was not 
affected by increasing coating levels.  
 
Clearly, the different process conditions used for Supercell coating had affected 
surface roughness of tablet coats. This demonstrates the importance of choosing 
suitable process conditions in order to produce tablet coats with optimal surface 
characteristics. Even as coat roughness was shown to increase with increasing coating 
levels, no visible difference in surface roughness of the coated tablets was observed. 
Measurement of tablet surface roughness is difficult because large variations in the 
surface topography of tablets are inherent. Similarly, no clear distinguishing features 
were observed in the SEM micrographs of tablets coated at different conditions (Fig. 
30). Even though SEM has been proven to be a useful technique for visualization of 
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surfaces, the assessment is rather subjective. In this study, optical profilometry was 
shown to be a useful method for characterizing tablet coat roughness and the surface 
properties of tablet coats. 
 
B.7  Analysis of colour  
Colourants in a tablet coating formulation contribute to the aesthetic appeal of the 
product. Coloured products can aid identification of product and is also important for 
brand imaging. They may also provide opacifying properties to protect active 
ingredients from light. Colour is a basic visual feature and its consistency within and 
between dosage units is important. Since tablet coat is relatively thin, small 
differences in coat thickness may induce considerable colour variations in the tablet 
surface (Romero-Torres et al., 2006). Colour uniformity can therefore be used as a 
parameter for the evaluation of a coating process. Inconsistencies of colour are often 
indicative of poor quality production or product instability (Wirth, 1991).  
 
Both tablet load and plenum pressure were not shown to be significant factors (p > 
0.05) in affecting colour intensity of coats at coating levels exceeding 1.6 %. From 
Fig. 31A, it could be seen that colour intensity (∆Ep) increased for all conditions as 
coating level increased. However, the colour intensity seemed to approach a plateau 
when coating level reached 1.2 - 1.6 % and even decreased slightly at coating levels 
beyond 1.6 %. However, this decline in ∆Ep was not significant. Colour 
measurements tend to reach a maximum value whereby it would not be affected by 
increased coating levels. RSD of the  colour measurements decreased as coating level 





Fig. 29. Relationship between (A) Ra and (B)  RSD and coating level for () lp, (□) 










   
  
Fig. 30. SEM micrographs of (A) uncoated tablet, and tablets at 2 % coating level coated under conditions (B) lp, (C) lP, (D) Lp and (E) 
LP. 




solution was applied. RSD∆Ep ranged from 1.17 to 2.53 % after 0.8 % coating level 
was reached. Low inter-tablet colour difference showed that the Supercell coater was 
capable of coating tablets with high inter-tablet colour uniformity. The Supercell 
coater allowed uniform distribution of coating material onto the tablet load under the 
conditions studied and at the various coating levels. IHm, which was an indication of 
intra-tablet colour uniformity, showed a decline with increased coating levels with 
little change beyond coating level of  1.2 % at all coating conditions (Fig. 31B). This 
indicates that colour within the tablet became uniform when coating level of 1.2 % 
was attained. Combining the results of ∆Ep and IHm, it could be concluded that inter- 
and intra-tablet colour uniformity was achieved under all conditions at coating levels 
≥ 1.6 % despite the very short coating times employed. At coating levels less than 1.2 
%, increase in tablet load led to a significant increase in the colour intensity of tablet 
coats. A lower load will lead to greater spray-drying effect and greater loss of coating 
materials. Therefore, less coating material will be deposited on the tablets. However, 
this effect was not seen at higher coating levels as colour intensity reached saturation 
level. Also, as colour uniformity was generally achieved at coating levels ≥ 1.6 %, 
changes to process conditions was not seen to be critical in affecting the eventual 






Fig. 31. Relationship between (A) ∆Ep (upper), RSD∆Ep (%) (lower), (B) IHm,  and 





B.8  Conclusion Part B 
At coating levels greater than 2 %, factorial analyses indicated that tablet load and 
plenum pressure were not significant in affecting coat thickness and colour. However, 
tablet load was a significant factor in affecting coat roughness. Increase in tablet load 
significantly reduced coat roughness, possibly due to the increased tablet contact and 
improved spreading of the coating solution. At coating levels less than 1.2 %, increase 
in tablet load led to a significant increase in the colour intensity of tablet coats. 
However, this effect was not seen at higher coating levels as colour intensity reached 
saturation level. With progression of the coating process, tablet coats became thicker 
and colour intensity increased. The surface roughness values of tablet coats  increased  
until full film coverage was obtained. There was improved colour and coat thickness 
uniformity with increased coating levels.  However, the inter-tablet variation for 
surface roughness was not affected and remained relatively high even as coating 
levels were increased. Coat deposition was viewed as a random process and 
uniformity of roughness was not affected by increasing coating levels. In this study, 
no significant difference was observed between the mean of coat thickness at the face 
and side of coated tablets, indicating that uniformity at all regions of the tablet was 
achieved. Under the conditions employed in this study, the Supercell coater was 
shown to consistently produce tablets of high quality attributes even though coating 
was completed within 30 s.  
 
For the coating condition LP, coat thickness was found to level off at about 2 % 
coating level. This was due to the reduction in coating efficiency at LP as the coating 
process progressed. In this study, a suitable, non-destructive method used for the 
measurement of coat thickness should therefore be capable of detecting and predicting 
this non-linearity. Direct image analysis method for cross-sectioned coat thickness 
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measurement was considerably laborious but generally provided accurate coat 
thickness data. Good approximations of coat thicknesses may also be obtained from 
the difference between the dimensions of coated and uncoated tablets using the 
micrometer. Although this method was comparatively less accurate than image 
analysis measurements, it was less time-consuming compared to the image analysis 
method.  
 
XRF spectroscopy was shown to be a useful tool for rapidly quantifying the amount 
of coating applied onto the tablet surface by detecting the iron pigments present in the 
coat formulation. The principle of its operation was based on elemental specificity of 
compounds when exposed to x-rays. The fluorescence response could therefore be 
related to the efficiency of the coating process. Although considerable direct 
correlations to coat thickness were observed, XRF spectroscopy was viewed to be 
more suitable method to evaluate process efficiency. Raman spectroscopy was shown 
to be a suitable method for the rapid evaluation of tablet coat thickness. The technique 
was also found to be capable of differentiating tablets coated under different 
conditions and would be valuable for use as a tool for non-destructive, exhaustive in-
line measurement of tablet coat quality. On the other hand, data obtained from NIR 
spectroscopy did not manage to differentiate coat thicknesses of tablets coated under 
different conditions as effectively as Raman spectroscopy. However, both Raman and 
NIR spectroscopy were able to predict the non-linearity of coat thickness in LP. XRF, 
Raman and NIR spectroscopic methods were useful as complementary methods for 
the study of tablet coating to derive different information. However, in this study, 
Raman spectroscopy appeared to be the best method for the characterization of tablet 
coat thickness.  
136 
 
C. Comparative study of tablet coating using the Supercell coater and the 
conventional pan coater 
The pan coater is the industry gold standard for tablet coating. Under well-controlled 
conditions, the pan coater produces elegantly finished products. In contrast to the pan 
coater, the fluid bed system of the Supercell coater allows better heat and mass 
transfers, shorter processing time and theoretically lower product variability. The 
objective of this study was to compare the quality of tablet coats produced using the 
Supercell coater and the conventional side-vented pan coater. As it was difficult to 
standardize the two processes of different operating principles, the tablets were coated 
under suitable operating conditions and the quality of their coats evaluated. The 
capability of the Supercell coater in coating tablets of comparable quality to that of 
pan coated tablets was thus assessed. Table 6 shows the Supercell and pan coating 
conditions employed.  
 
Aqueous film coating has largely replaced organic-solvent based coating due to 
safety, economic and environmental reasons. However, it has also introduced 
concerns due to the exposure of tablet cores to elevated temperatures and the aqueous 
environment (Pourkavoos and Peck, 1993a). During aqueous film coating, water may 
penetrate into the tablet causing core expansion, changes to the structure of the film-
core interface and greater risk of degradation of moisture-sensitive drugs. The low 
evaporative capacity of water requires high drying efficiency of the aqueous film 
coating equipment. The Supercell coater is a newly introduced coater with improved 
drying efficiency and utilizes air fluidization technique for tablet coating. This allows 
moisture to be removed three-dimensionally by a constantly renewing air stream. In 
contrast, the pan coater uses a unidirectional stream of drying air to extract moisture 
from a tumbling tablet bed.  
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It was hypothesized that the Supercell coater was more suitable for the coating of 
tablets containing moisture-sensitive drugs compared to the pan coater due to its 
superior water removal efficiency. The water removal efficiency will affect the 
residual moisture of the coated tablets, which may in turn increase the risk of 
undesirable degradation of a moisture-sensitive drug (Ruotsalainen et al., 2003). ASA, 
also commonly known as aspirin, was used as the model drug in this study. ASA will 
be hydrolysed into acetic acid and SA when exposed to high humidity and elevated 
temperature (Merck-Index, 2006). In Supercell coating, these conditions are presented 
to the tablet cores by introduction of the aqueous coating dispersion and hot drying 
air. Several process parameters were therefore varied in Supercell coating to evaluate 
the influence of the Supercell processing conditions on the stability of ASA in tablets. 
In this study, the effects of spray rate, inlet temperature and coating level were studied 
in the Supercell coater and the extent of ASA degradation during tablet coating and 
storage was compared with that of tablets coated using the pan coater. 
 
C.1  Tablet appearance and coating time 
For both tablet shapes, the pan coated tablets looked smoother than the Supercell 
coated tablets. However, some twinning was observed for pan coated tablets but this 
was not observed for Supercell coated tablets. Pan coating presented a higher 
incidence of twinning, especially when tablets with flat surfaces were used. In the 
Supercell coater, the tablets were kept apart by fluidization and this prevented 
twinning from occurring. In Supercell coating, each run took between 16 - 102 s to 
complete. On the other hand, each run in pan coating took approximately 37.5 min. 
However, as the batch sizes used in Supercell coating were smaller compared to pan 
coating, the Supercell coater would have taken 22.7 min to coat an equivalent tablet 
load of 1 kg.  
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C.2  Weight uniformity 
Table 14 shows a summary of the average weight, intra-batch and inter-batch weight 
RSD for uncoated, Supercell coated and pan coated tablets. An increase in coating 
level increased the weight of coated tablets in both coaters. There was no significant 
difference between the weight of Supercell and pan coated tablets (p > 0.05) at all 
coating levels. Supercell coated tablets were found to have a lower inter-tablet/intra-
batch RSD for weight as compared to pan coated tablets for both tablet shapes. 
However, this lower weight variation was not found to be significantly different (p > 
0.05). The results demonstrated that the intra-batch weight variation of Supercell 
coated tablets was comparable to that of pan coated tablets. It was noted that at some 
coating levels, the average weight of tablets after coating were lower than the average 
weight of uncoated tablets. Tablet coats only contributed to a very small weight 
increase of the tablet core. Therefore, the lower weights of coated tablets were not 
unexpected as it was still within the weight variation of core tablets. Although the 
contribution of the coat to the total tablet weight is small, its influence on the function 
of the tablet may be large. 
 
For both tablet shapes, inter-batch weight variation for Supercell coated tablets was 
much lower than pan coated tablets at coating levels greater than 1.2 %. For round 
tablets, this difference was even more pronounced. The results clearly show greater 
reproducibility between batches for Supercell coated tablets. Even though coating 
time was very much shorter in the Supercell coater, comparable intra-batch weight 





Table 14. Summary of average tablet weight of three replicate batches, intra-batch 
and inter-batch RSD of tablet weight for (A) round tablets and (B) caplets for 





Weight of round tablets (mg) 















 0.0 217.9 - 2.80  217.9 - 2.80 
0.4 213.0 2.20 0.29  216.7 3.32 2.35 
0.8 214.9 2.32 0.46  217.7 3.69 1.98 
1.2 215.5 2.23 0.16  218.5 3.96 2.32 
1.6 217.7 2.43 0.03  219.8 2.99 1.95 
2.0 217.2 1.97 0.18  220.6 3.39 2.00 






Weight of caplets (mg) 















 0.0 146.3 - 2.59  146.3 - 2.59 
0.4 147.8 3.18 1.36  148.9 3.58 1.13 
0.8 148.1 3.25 1.14  149.6 3.06 0.47 
1.2 149.6 2.73 0.40  150.7 3.26 0.87 
1.6 150.0 2.89 0.26  150.7 3.33 0.87 
2.0 150.0 2.80 0.24  151.9 3.40 1.03 
3.0 151.2 3.01 0.17  153.3 3.56 1.04 
 
 
C.3      % LOD 
Table 15 shows the % LOD for Supercell and pan coated tablets. % LOD is a 
reflection of the residual moisture present in the tablets at each stage of the tablet 
coating process. It also indicates the over-wetting or over-drying of tablet cores 
during coating. For the coating conditions employed in this study, the % LOD did not 
vary much with increasing coating levels. The % LOD of the pan coated tablets was 
not found to be significantly different from that of Supercell coated tablets (p > 0.05) 
at almost all coating levels for both tablet shapes. This is an interesting observation 





It was always believed that the high temperature employed during the Supercell 
coating process would result in a lower amount of residual moisture in the tablets. The 
results seemed to suggest that the exposure of tablets to the high temperature was too 
short for the moisture to fully evaporate. It should be kept in mind that an ideal 
coating process should not result in any gain or loss of core moisture content. This is 
to ensure that the coating process does not alter the formulation characteristics of the 
tablet cores. The % LOD of core tablets used for coating was 1.28 % for caplets and 
1.20 % for round tablets (Table 4). For both tablet shapes, the % LOD of pan coated 
tablets were significantly different (p < 0.05) compared to the % LOD of tablet cores. 
On the other hand, the % LOD of Supercell coated tablets and tablet cores prior to 
coating were not found to be significantly different (p > 0.05) for the round tablets. 
With respect to this, the condition used for Supercell coating did not appear to result 
in any major or detrimental effects on the % LOD of tablets and were comparable to 
the effects caused by pan coating.  The significance of % LOD is discussed in Section 
IV.C.6.2. 
 




Round tablet Caplet 
Supercell Pan Supercell Pan 
0.4 1.36 (0.05) 1.01 (0.04) 1.01 (0.13) 1.01 (0.15) 
0.8 1.23 (0.13) 1.08 (0.09) 1.02 (0.09) 0.94 (0.10) 
1.2 1.28 (0.09) 1.08 (0.05) 1.08 (0.07) 0.96 (0.11) 
1.6 1.32 (0.17) 1.07 (0.11) 1.06 (0.03) 0.96 (0.13) 
2.0 1.33 (0.11) 1.07 (0.01) 1.07 (0.07) 1.02 (0.07) 
3.0 1.25 (0.12) 0.94 (0.10) 1.02 (0.13) 0.90 (0.09) 




C.4  Thickness uniformity 
Tablet dimensions at the central band of the tablet are least affected by the 
viscoelastic recovery of materials post-compaction. Greater dimensional changes 
were observed at the axial direction since stress during compression was applied 
axially (Picker, 2001), while the radial edge of the tablet was restrained by the tablet 
die. This resulted in greater variations in tablet dimensions in the axial direction. As 
coat thickness was expressed by half the dimensional difference between coated and 
uncoated tablets, the most accurate coat thickness measurements could thus be 
obtained from the dimensional differences at the central band of the tablet. In this 
study, inter-tablet, intra-tablet and inter-batch coat uniformity were assessed by 
comparing the coat thickness at the central band of different tablets. In conventional 
pan coating, tablet shape was shown to affect intra-tablet coat thickness uniformity 
(Wilson and Crossman, 1997). Hence, it was also of interest to evaluate how the two 
coaters handled tablets of different shapes and influenced the quality of the coat 
obtained.  
 
Fig. 32 shows the relationship between coat thickness at tablet central band and 
coating level for caplets and round tablets coated using the Supercell coater and pan 
coater. Coat thickness was found to increase with increased coating level for both 
coaters. The increase in coat thickness was found to be linear in pan coating, but it 
gradually declined beyond 2 % coating level in Supercell coating. The same trend was 
also observed when tablets were coated using the Supercell coater at coating condition 
LP (Fig. 19). The latter was attributed to the reduction in process efficiency as coating 
progressed. It was likely that the leveling of coat thickness observed in this study was 
due to the same reason. However, as coat thickness could also be affected by the 
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Fig. 32. Relationship between coat thickness at tablet central band and coating level 








material deposited on the tablet surface. In this study, tablet coating of the two tablet 
shapes studied was carried out at the same process conditions. Therefore, the process 
conditions employed need not be optimal for the maximization of process efficiency.  
 
Tablets coated using the Supercell coater were found to be significantly thicker (p > 
0.05) than pan coated tablets at almost all coating levels tested. For the same amount 
of materials deposited, coat thickness measurement is an indication of film coat 
density. Fluid bed systems such as the Supercell coater are characterized by better 
mass and heat transfers, with improved drying capabilities. Thicker coats in Supercell 
coated tablets could have arisen from increased air entrapment within the coats, 
resulting in lower coat density. On the other hand, the lower temperature employed in 
pan coating, coupled with improved droplet spreading as a result of tablet contact and 
rubbing during the coating run reduced coat thickness. Thus, thickness and density of 
tablet coats would be significantly affected by the coat forming mechanism. 
 
Table 16 shows the intra-tablet, intra-batch and inter-batch coat thickness RSD of 
both the pan and Supercell coated tablets. For both tablet shapes studied, intra-tablet, 
intra-batch and inter-batch thickness RSD generally decreased with increased coating 
level. At the lower coating levels (< 1.6 %), the intra-batch coat thickness RSD was 
lower for Supercell coated tablets compared to pan coated tablets. However, at 
coating levels > 1.6 %, there was comparable intra-batch thickness RSD for both 
Supercell and pan coated tablets. There was comparable inter-batch thickness RSD 
between Supercell coated and pan coated caplets. However, the inter-batch thickness 
RSD of Supercell coated tablets was much lower for round tablets.  
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In this study, intra-tablet coat thickness RSD was lower for the round tablets 
compared to the caplets. These results reflect the challenge in coating odd-shaped 
tablets. It is more difficult to coat odd-shaped tablets in a uniform manner. In 
comparison to the pan coater, the Supercell coater was able to coat both tablet shapes 
with lower intra-tablet RSDs at the lower coating levels (< 1.2 % for round tablets and 
< 1.6 % for caplets). However, at higher coating level, this advantage was largely 
diminished. Despite the very short coating time, the Supercell coater was able to 
achieve intra-tablet, intra-batch and inter-batch coat thickness uniformity that was 
comparable to that obtained using the pan coater. 
 
C.5  Roughness uniformity  
Fig. 33 shows the surface topology of uncoated tablet as observed under SEM, optical 
profiler and light microscope respectively. Presence of some cracks (Fig. 33A) as a 
result of particle deformation in the compact during tableting and some small 
irregularities (Fig. 33B) were observed. Nevertheless, the uncoated tablets were 
generally found to have rather smooth surfaces. It was previously reported that tablet 
coating increased the roughness of tablet surfaces (Seitavuopio et al., 2006). In this 
study, surface roughness generally increased as coating level increased for tablets 
coated by both coaters (Fig. 34). Even though the results were not significantly 
different,  a relationship between roughness and coating level was observed. For the 
pan coater, a linear increase in roughness was observed (Fig. 34). On the other hand, 
Supercell coated tablets showed increased surface roughness up to coating level of 1.2 
%, beyond which the surface roughness leveled off. In Supercell coating, due to the 










RSD of thickness (%) (Pan)  RSD of thickness (%) (Supercell) 

























0.4 90.34 88.87 9.37 a a 264.93  49.71 49.94 11.08 28.84 154.79 26.88 
0.8 45.42 45.53 13.17 36.13 133.89 116.35  33.50 34.55 12.71 7.85 51.91 17.52 
1.2 29.31 29.02 2.22 2.56 63.01 53.29  23.40 23.19 0.92 2.34 31.13 3.56 
1.6 24.24 24.62 7.43 2.90 30.31 15.85  20.75 20.70 2.37 4.83 34.20 4.50 
2.0 20.93 21.66 8.10 0.65 25.68 17.99  24.33 24.72 1.49 1.67 22.35 1.85 
3.0 16.56 16.45 1.85 1.06 20.44 9.89  18.14 18.25 2.21 1.92 21.77 2.34 
 
Note :  a - very high RSDs.  








   
 
Fig. 33. (A) SEM micrograph, (B) three-dimensional optical profiler image and (C) image under light microscope of uncoated tablet 
surface. 
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immediately upon contact with the tablet surface. Subsequent deposition resulted in 
the build-up and “pavement” layering of the coat but did not further influence surface 
roughness. On the other hand, drying was slower in pan coating. As the pan rotated, 
the tablets within rolled and rubbed against each other. Hence, when spray droplets 
struck the surfaces of the tablets, liquid bridges would form and then break as the 
tablets moved apart. The constant formation and breakage of the bridges as the 
solvent was slowly evaporated created a “spidery” surface texture. The impinged 
coating materials were merged together and rubbed down, creating a “stepped-on” 
appearance. The shearing force exerted by  the  tablets  against each other eventually 
contributed to a  smoothening effect on the tablet surface  (Rowe, 1988). Therefore, 
additional materials sprayed would increase surface roughness in small increments. 
 
Fig. 35 shows the relationship between RSD of coat roughness and coating level for 
Supercell and pan coated tablets. With increase in coating level, reduction in the RSD 
of coat roughness was observed for both coating methods. The pan coated tablets 
showed lower roughness variation compared to Supercell coated tablets. However, for 
Supercell coated tablets, a marked decrease in RSD was seen at coating level of about 
0.8 %, whereas for pan coated tablets, the reduction was only seen at about 1.6 % 
coating level. The point where the tablets achieved stabilization in RSD was 
postulated to be the coating level whereby tablet core had been completely covered by 
a layer of coating materials. Hence, tablets coated in the Supercell coater achieved 
complete coating faster compared to pan coater even though colour and coat thickness 
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Fig. 35. Relationship between RSD of Ra and coating level for (R) round tablets and 
(C) caplets coated using the (A) pan and (B) Supercell coaters. 
 
Three-dimensional optical profiler images of the surface topography of Supercell and 
pan coated tablets are shown in Fig. 36. Fig. 37 shows the SEM micrographs of the 
coat surfaces of Supercell and pan coated tablets. Fig. 38 shows the coat surfaces of 
Supercell and pan coated tablets as seen under the light microscope. The SEM 
micrographs and light microscope images complemented the images obtained using 
the optical profiler. It was observed that coat roughness generally increased as coating 
level increased. The surface of pan coated tablets exhibited a “spidery” texture caused 
by mutual rubbing of tablets in the coating drum occurring before the sprayed coating 
materials could dry. This eventually resulted in the “stepped-on” appearance. On the 
other hand, for the Supercell coated tablets, the coating material appeared to adhere to 
the tablet core as more discrete particles. At the lower coating level, there also 
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Fig. 36. Three-dimensional optical profiler images showing surface topology (250 x 200 µm) of (A) pan and (B) Supercell coated tablets 
at 0.4, 1.2 and 3 % coating levels.  
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Fig. 37. SEM micrographs of the coat surfaces of (A) pan and (B) Supercell coated 
tablets at 0.4, 1.2 and 3 % coating levels. 
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Fig. 38. Light microscope images of the coat surfaces of (A) pan and (B) Supercell 
coated tablets at 0.4, 1.2 and 3 % coating levels. 
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to-tablet contact was also reduced. The less effective spreading of coating materials 
resulted in greater roughness of the tablet coat for Supercell coated tablets. 
Interestingly, from the images obtained using the SEM, optical profiler or light 
microscopy, the Supercell coated tablets appeared to be smoother than the pan coated 
tablets even though the Ra values indicated otherwise. Ra is defined as the mean of 
absolute values of surface deviations from the mean plane. Greater surface roughness 
in Supercell coated tablets was attributed to the localization of the spray-dried 
materials. However, there was no significant difference in coat roughness between 
pan and Supercell coated tablets (p > 0.05).  
 
C.6  The effect of Supercell and pan coating on the stability of tablets 
containing ASA  
C.6.1  Tablet appearance and coating time 
Tablets coated by both the pan and Supercell coater appeared smooth and visually 
acceptable. However, slight pitting was observed on the surface of Supercell coated 
tablets, which was attributed to the melting of stearic acid at the temperatures 
employed in Supercell coating (Rowe and Forse, 1983). Stearic acid has a melting 
point of 66 – 69 °C (Allen, 2006). In this study, stearic acid was used at a low 
concentration of 1 % as the tableting lubricant as magnesium stearate was reported to 
be incompatible with ASA (Parmar and Rane, 2009). It is important to note that the 
aim of this study was to investigate the influence of processing conditions on the 
extent of ASA degradation. While the observed differences in the physical properties 
of the tablet coats were important to evaluate coating quality, it was not the main 
focus of this study. In Supercell coating, each run took between 24 - 290 s to 
complete. On the other hand, each run in pan coating took approximately 37.5 min. 
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C.6.2  % LOD 
Water in a tablet can be classified as either bound or unbound. Bound water is either 
associated with the crystal structure, or tightly bound to the solid surface. In general, 
only the unbound water is available for chemical reactions (Zografi, 1988). The water 
removal efficiency of the coating process can be correlated to coated tablet properties 
such as residual moisture content, tensile strength, and porosity (Pourkavoos and 
Peck, 1994). The % LOD of tablets is an indication of the amount of residual moisture 
present in the tablets. Reduced % LOD is an indication of lower residual moisture, 
which suggests greater moisture removal during the coating process. Lower % LOD 
may therefore lead to lower extents of ASA degradation. In this study, sublimation of 
the ASA degradation products may confound % LOD measurements. However, at the 
end of coating, very little ASA was found to have degraded (Section IV.C.6.3). 
Therefore, the influence of mass loss due to sublimation of the ASA degradation 
products on the % LOD of coating batches was likely to be minimal. 
 
In the analysis of effect of Supercell coating, changes to temperature, spray rate and 
coating level were significant in affecting % LOD. Fig. 39 shows the main effects of 
process parameters on % LOD for Supercell coated tablets. The R
2
 for the analysis of 
effect was 98 %. An increase in temperature resulted in the reduction of % LOD as 
moisture removal capacity was enhanced. On the other hand, an increase in spray rate 
increased % LOD due to the elevated humidity within the system. Increased coating 
level caused a reduction in % LOD, but the effect was less compared to that of 
temperature. Increase in coating level corresponded to the increase in coating time, 
which predisposed the tablets to greater exposure to the wet spraying conditions and 
high drying temperature. The former factor would increase moisture content of the 
tablets while the latter would produce the opposite effect. As the % LOD declined 
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with increased coating levels, it could be inferred that the temperature exerted a 
greater effect. All two-level interactions between the process parameters investigated 
were found to be significant, reflecting the dependence of each process parameter on 























Fig. 39. Plot of the main effects of temperature, spray rate and coating level on % 
LOD in Supercell coating. 
 
 
The % LOD of pan coated tablets at all coating levels was approximately 2 % (Table 
17). There was no significant difference among the % LOD of tablets irrespective of 
the coating level and the associated duration of time spent in the pan coater. The rate 
of moisture input and output appeared to be balanced throughout the entire coating 
process. The % LOD of uncoated tablets was also 2 % (Table 17). An ideal coating 
process should not result in any gain or loss of core moisture content so as not to alter 
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Table 17. % LOD,  extent of  ASA degradation  after 0, 1 and 6 months storage at 40 °C/75 % RH, zero-order degradation rate constants (K0) 
and squared regression coefficients (R
2
) of uncoated and pan coated tablets. 
 








 % LOD 
ASA degradation (%)  
(immediately after coating) 
ASA degradation (%) 
(after 1 month of storage) 
ASA degradation (%) 
(after 6 months of storage) 
0.0 0.0151 0.95 2.00 (0.08) 0.15 (0.03) 1.02 (0.06) 3.08 (0.15) 
0.4 0.0126 0.98 2.08 (0.21) 0.14 (0.02) 0.87 (0.15) 2.54 (0.67) 
0.8 0.0135 0.98 1.91 (0.29) 0.16 (0.02) 0.96 (0.03) 2.72 (0.62) 
1.2 0.0141 0.95 1.97 (0.26) 0.15 (0.00) 1.20 (0.23) 2.92 (1.01) 
1.6 0.0188 0.98 2.05 (0.25) 0.16 (0.02) 1.30 (0.21) 3.76 (0.19) 
2.0 0.0236 0.99 1.94 (0.26) 0.15 (0.01) 1.32 (0.09) 4.57 (0.57) 














the formulation characteristics of the tablet cores. The pan coater demonstrated 
excellent outcome in this aspect. On the other hand, the broad range of processing 
conditions employed for Supercell coating resulted in a broader range of % LOD 
between 0.55 – 2.86 %, as shown in Table 18.   
 
Despite the comparatively short coating time employed, the influence of Supercell 
coating on the amount of residual water in the tablets was significant (p < 0.05). The 
results indicate that the air humidity in the enclosed chamber of the Supercell coater is 
an important factor affecting the penetration and evaporation of water from the tablet 
surface. This observation concurs with the findings of another study where different 
drying conditions in pan coating also resulted in significant changes to the residual 
moisture content of the coated cores (Gulian et al., 2005).  
 
C.6.3 Influence of coating on extent of ASA degradation 
The extent of moisture sorption by tablets coated under normal operating conditions 
was shown to be sufficient in causing significant changes to tablet physical 
characteristics (Pourkavoos and Peck, 1993b).  A higher water uptake by the tablet 
was expected to correspond to increased hydrolysis and degradation of the moisture-
sensitive drug present. The United States Pharmacopoeia (USP) limit for the 
percentage of SA in coated ASA tablets is 0.3 %. At the end of the coating runs in the 
pan coater and the Supercell coater, all tablets were found to meet the USP 
requirements with respect to ASA degradation. 
 
Tablets with a higher coating level were exposed to a longer duration of coating in the 
pan coater. Irrespective of the coating duration, the percentage of ASA degraded in 
the freshly coated tablets was approximately 0.16 % (Table 17). There was no 
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Table 18. Process conditions employed in Supercell coating and the % LOD, extent of  ASA degradation after 0, 1, 3 and 6 months storage at 40 
°C/75 % RH, zero-order degradation rate constants (K0) and squared regression coefficients (R
2




ASA degradation (%) 
(immediately after coating) 
ASA degradation (%) 
(after 1 month of storage) 
ASA degradation (%) 
(after 3 months of storage) 
ASA degradation (%) 








1 2.17 (0.30) 0.24 (0.06) 0.79 (0.07) 1.26 (0.10) 3.02 (0.48) 0.0150 0.97 
2 1.87 (0.02) 0.29 (0.06) 0.77 (0.04) 1.31 (0.10) 3.31 (1.10) 0.0165 0.97 
3 1.19 (0.05) 0.28 (0.01) 0.63 (0.01) 0.81 (0.04) 1.24 (0.13) 0.0049 0.96 
4 2.42 (0.09) 0.24 (0.08) 0.85 (0.07) 1.38 (0.16) 3.74 (0.39) 0.0189 0.96 
5 2.37 (0.05) 0.22 (0.01) 0.92 (0.07) 1.44 (0.12) 3.88 (0.62) 0.0196 0.96 
6 1.78 (0.06) 0.21 (0.00) 0.84 (0.08) 1.33 (0.10) 3.99 (1.68) 0.0204 0.95 
7 2.45 (0.03) 0.19 (0.01) 0.92 (0.03) 1.72 (0.07) 3.94 (0.57) 0.0203 0.99 
8 2.40 (0.14) 0.20 (0.00) 0.94 (0.07) 1.39 (0.25) 4.20 (0.12) 0.0214 0.94 
9 1.85 (0.19) 0.20 (0.02) 0.75 (0.01) 1.32 (0.17) 3.02 (0.52) 0.0153 0.98 
10 2.20 (0.05) 0.20 (0.01) 0.50 (0.27) 1.59 (0.31) 3.92 (0.59) 0.0211 0.98 
11 1.67 (0.12) 0.22 (0.00) 0.82 (0.06) 1.52 (0.14) 1.90 (0.41) 0.0089 0.91 
12 0.69 (0.07) 0.25 (0.01) 0.95 (0.28) 1.59 (0.67) 2.44 (1.05) 0.0115 0.97 
13 2.56 (0.12) 0.19 (0.01) 1.20 (0.06) 1.97 (0.04) 3.63 (0.13) 0.0182 0.98 
14 2.08 (0.03) 0.19 (0.01) 1.00 (0.01) 1.85 (0.21) 3.12 (0.64) 0.0157 0.99 
15 1.33 (0.05) 0.20 (0.02) 1.00 (0.11) 1.88 (0.01) 3.24 (0.14) 0.0163 0.99 
16 2.80 (0.08) 0.21 (0.02) 1.30 (0.05) 1.93 (0.06) 3.74 (0.50) 0.0184 0.97 
17 2.29 (0.07) 0.19 (0.02) 1.15 (0.07) 2.10 (0.19) 3.55 (0.24) 0.0184 0.99 
18 1.72 (0.09) 0.18 (0.01) 1.08 (0.10) 1.98 (0.21) 3.61(0.54) 0.0179 0.98 
19 2.36 (0.09) 0.21(0.00) 1.41 (0.02) 2.69 (0.49) 5.64 (0.28) 0.0293 0.99 
20 1.61 (0.03) 0.22 (0.01) 1.04 (0.17) 2.53 (0.62) 3.73 (1.26) 0.0194 0.97 
21 0.55 (0.04) 0.30 (0.01) 1.04 (0.03) 2.70 (0.26) 4.93 (0.36) 0.0259 1.00 
22 2.61 (0.06) 0.20 (0.01) 1.56 (0.14) 2.87 (0.09) 6.27 (1.41) 0.0307 0.98 
23 2.12 (0.01) 0.19(0.01) 1.29 (0.12) 2.36 (0.51) 5.88 (0.88) 0.0326 0.99 
24 1.22 (0.03) 0.21(0.01) 1.07 (0.06) 2.40 (0.23) 4.99 (0.53) 0.0262 1.00 
25 2.86 (0.11) 0.20(0.01) 1.55 (0.14) 2.19 (0.26) 5.77 (0.62) 0.0265 0.98 
26 2.29 (0.04) 0.21(0.01) 1.33 (0.10) 2.28 (0.06) 5.16 (0.41) 0.0293 0.96 
27 1.55 (0.08) 0.17(0.01) 1.32 (0.10) 2.42 (0.35) 5.48 (0.47) 0.0286 0.99 
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significant difference between the amounts of ASA degraded throughout the coating 
process. Greater differences were only observed upon storage. It was reported in the 
literature that there was mostly no degradation of moisture-sensitive active ingredients 
during pan coating (Obara and Kokubo, 2008). In a study on pan coating involving 
ASA, it was found that the amount of ASA degraded was 0.8 % irrespective of the 
aqueous film coating parameters employed (Ruotsalainen et al., 2003). This was 
because the coating process was too short to enable significant degradation of ASA to 
take place. Depending on the coating conditions, the extent of ASA degradation in 
Supercell coated tablets immediately after coating varied between 0.17 – 0.30 % 
(Table 18). The results seemed to suggest that as long as the moisture removal 
efficiency was sufficiently high (or moisture addition rate sufficiently low) to 
maintain a reasonably dry coating zone, the exposure of the tablets to the coating 
conditions would not result in significant ASA degradation.  
 
Fig. 40A shows the main effects of Supercell process parameters on ASA 
degradation. The influence exerted by the process parameters on ASA degradation 
was contrary to that observed in % LOD. Increase in temperature increased the 
degradation of ASA but an increase in spray rate decreased ASA degradation. 
Increase in coating level which corresponded to longer coating time also caused a 
reduction in the amount of ASA degraded. However, it should be noted that the R
2
 for 
the analysis of effect was 73 %. This indicates that the analysis of effect was not 
explaining the data as adequately. Despite the big difference in process conditions 
employed in Supercell coating, the different batches of coated tablets showed 
comparable extents of ASA degradation and very little ASA was degraded. The 
effects of temperature and spray rate on ASA degradation were more accurately 
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observed after storage of the tablets at accelerated stability conditions. The trends 
observed for the stored tablets mirrored that of % LOD.  
 
C.6.4  Influence of storage on extent of ASA degradation 
There are many types of mathematical or kinetic models which can be employed to 
describe the solid-state decomposition of drugs over storage. The degradation of 
ASA, especially when formulated as a solid dosage form (Lachman, 1965), will take a 
considerable amount of time. The recommended shelf life of ASA tablets is therefore 
2 - 3 years (Long et al., 2002). However, even in the presence of very small amounts 
of moisture, ASA concentration in ASA tablets will decrease on storage (Gupchup et 
al., 1992). Solid dosage forms commonly undergo degradation according to the 
Leeson and Mattocks kinetics (Leeson and Mattocks, 1958). In this degradation 
kinetics model, ASA is  postulated to  undergo  degradation by a route  that  involves  
physical adsorption of water from the atmosphere to the solid surface, dissolution of 
ASA in the adsorbed water, and hydrolysis of the dissolved ASA. Only the ASA 
which has entered the solution will degrade. This situation arises when abundant 
amount of moisture is present in the system being tested and the degradation reaction 
is best described by pseudo zero-order kinetics. On the other hand, in situations of 
limited moisture, the degradation reaction occurs when a water molecule is adsorbed 
onto a reactive site (ridges, defects). At these reactive sites,  the ASA molecules have 
a higher energy of state. This helps to lower the activation energy barrier for the ASA 
degradation reaction, allowing ASA degradation to take place with greater ease (Du 
and Hoag, 2001). When ASA is degraded, SA is formed.  The SA molecule 
constitutes a different geometry and will thus enable neighbouring ASA molecules to 



























































































































































Fig. 40. Plot of the main effects of temperature,  spray rate and coating level on ASA degradation in Supercell coating after (A) 0, (B) 1, 







that following the coating process, ASA will degrade based on the two mechanisms 
described. 
 
In this study, coated tablets were stored under accelerated stability conditions to evaluate 
the extent of ASA degradation during storage. It was reported by Carstensen (1988) that 
even though water was removed following the wet granulation of ASA, there was still 
sufficient moisture stress in the process to induce ASA degradation on subsequent 
storage. Such heat or moisture stresses are also experienced by tablets during the coating 
process. It was found that the degradation endothermic peak of ASA was lowered after 
exposure to moisture, indicating the instability of ASA after exposure (Gupchup et al., 
1992). The authors also reported that the fraction of ASA degraded was consistently 
higher in the sample exposed to the aqueous environment than the sample not exposed.  
Different coating conditions may influence the degradation to different extents. 
Conditions which are less suitable for the coating of ASA are likely to cause more 
degradation. The presence of ASA polymorphs has been widely reported in the literature 
(Gavezzotti and Filippini, 1995, Bond et al., 2007, Li, 2007). In the present study, it was 
postulated that ASA converted to a slightly less stable polymorph during coating, and this 
accelerated the degradation of ASA during storage. Due to the difference in 
conformation, the polymorph creates new reactive sites in the original crystal structure of 
ASA and therefore leads to the subsequent breakdown of ASA via the mechanism 
described earlier. The extent of ASA degradation during storage was used to reflect the 
suitability of the process conditions for the coating of ASA tablets. This was especially 
important as the evaluation of ASA degradation immediately after coating (Section 
IV.C.6.3) was unable to elucidate the effects due to the process parameters. It was 
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reported that the polymorph is extremely similar to the main ASA form present at 
ambient conditions. The difference in lattice energy between two polymorphs can be 
smaller than 2 kJ/mol, and their conformations are almost identical, with only 2 degrees 
difference in the dihedral angles (Li, 2007). The HPLC method employed in this study 
was unable to distinguish the two different ASA polymorphs. However, it was adequate 
to detect the SA formed from ASA degradation during storage. 
 
As previously mentioned, 0.16 % of ASA was degraded immediately after pan coating. 
There was no significant difference in ASA degradation regardless of the coating level. 
However, the effects of coating level became apparent when the tablets had been stored 
for a longer period of time. After storage for 1 and 6 months, a gradual increase in ASA 
degradation was observed with increase in coating level (Table 17). This increase was 
more pronounced with extended storage periods. After 1 month of storage, 1.20 % of 
ASA was degraded for tablets coated to 1.2 % w/w weight gain but 1.93 % of ASA was 
degraded for tablets coated to 3 % w/w weight gain. In contrast, 2.92 % of ASA was 
degraded for tablets coated to 1.2 % w/w weight gain but 6.23 % of ASA was degraded 
for tablets coated to 3 % w/w weight gain after 6 months of storage. This was an 
interesting observation as the % LOD between the tablets coated to different coating 
levels were not significantly different, suggesting that the residual amount of moisture 
was not critical in influencing the extent of ASA degradation. The rate of ASA 
degradation was also shown to increase with increase in coating levels. It was postulated 
that heat and moisture stresses were exerted on the ASA present in the tablets during 
coating. However, their effects were only manifested upon storage due to the slow 
hydrolysis of ASA. Since tablets coated to higher coating levels had a longer resident 
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time in the coater, they were exposed to the processing stresses for a longer duration.  
The increase in processing stress may lead to the increase in formation of the unstable 
ASA polymoprhs. This eventually led to greater extent of ASA degradation during 
storage.  
 
The same trend was observed for Supercell coated tablets. The extent of ASA 
degradation increased upon storage at accelerated stability conditions (Table 18). Figs. 40 
B - D show the influence of the process parameters on the ASA degradation after storage 
for 1, 3 and 6 months. For the range of process conditions studied, the percentage of ASA 
degraded ranged from 0.5 – 1.6 % at the end of 1 month storage. Temperature, spray rate, 
coating level and the interaction effects of temperature*coating level, spray rate*coating 
level, temperature*coating level*spray rate were significant in influencing the extent of 
ASA degradation. The R
2
 for the analysis of effect was 90 %. After storage for 3 months, 
the percentage of ASA degraded ranged from 0.81 – 2.87 %.  Only coating level and the 
interaction effect of spray rate*coating level affected the extent of ASA degradation. The 
R
2
 for the analysis of effect was 84 %. After storage for 6 months, the percentage of ASA 
degradation ranged from 1.24 - 6.27 %. Temperature, spray rate, coating level and the 
interaction effect of temperature*coating level were significant in influencing ASA 
degradation. The R
2
 for the analysis of effect was 81 %. Interaction effects among the 
process parameters investigated were often complex and not easily attributed to any 
particular reason.  
  
After storage for 1, 3 and 6 months, the influence of the studied process parameters on 
ASA degradation generally showed the following trends. Increase in coating temperature 
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decreased ASA degradation while increase in spray rate resulted in the opposite effect. 
The influences of these two process parameters on ASA degradation were consistent with 
their effects on % LOD (Fig. 39). However, increase in coating level appeared to increase 
the extent of ASA degradation, but was previously shown to reduce % LOD. As the 
coating process progressed, the extent of ASA degradation increased. Even though the 
increased coating duration lowered the residual moisture content of the tablets, as shown 
by the lower % LOD, the extent of ASA degradation was not found to decrease. Figs. 
41A and 41B show the relationship between % LOD immediately after coating and ASA 
degradation after 6 months of storage for Supercell and pan coated tablets. No clear trend 
could be observed from the plots, suggesting that the residual moisture content from the 
coating process was not a good outcome to predict the extent of ASA degradation.  
 
Tables 17 and 18 show the average zero-order rate constant (K0) for Supercell and pan 




 value was above 0.9 for all the coating 
conditions studied, signifying reasonable fit to zero-order degradation kinetics. Fig. 42 
shows the influence of process parameters on the K0 of ASA degradation for Supercell 
coated tablets during storage. Spray rate, coating level and the interaction effect of 
temperature*spray rate and spray rate*coating level were significant in influencing the 
rate of ASA degradation during storage. The R
2
 for the analysis of effect was found to be 
79 %. Increase in temperature resulted in a reduction in the rate of ASA degradation, 
while increase in spray rate and coating level increased the rate of degradation.  
 
The extent of ASA degradation in uncoated tablets stored at accelerated stability 









Fig. 41. Relationship between % LOD immediately after coating and % ASA 
degradation after 6 months of storage at 40 °C/75 % RH for (A) Supercell coated and 

























Fig. 42. Plot of the main effects of temperature, spray rate and coating level on K0  in 
Supercell coating. 
 
tablets after 6 months of storage (3.08 %) in comparison with pan coated (6.23 %) and 
Supercell coated (3.73 – 6.27 %) tablets at 3 % coating level. The reason for this 
observation was likely to be due to the processing stress imparted during coating. 
Nevertheless, coating confers a number of advantages and this additional unit operation is 
therefore favoured. The subsequent degradation of moisture-sensitive drugs during 
storage  may be reduced by further controlling the coating conditions employed 




C.6.5  Suitability of the Supercell and pan coaters for coating of tablets containing 
moisture-sensitive drugs 
Even though a previous study on the influence of pan coating on the stability of ASA 
showed that the degradation of ASA during coating and storage were not dependent on 
the aqueous film coating conditions (Ruotsalainen et al., 2003),  this did not appear to be 
the case for Supercell coating. At 3 % coating level, only 1 out of the 9 coating 
conditions employed in Supercell coating resulted in greater ASA degradation compared 
to pan coated tablets after 6 months of storage at accelerated stability conditions. The 
Supercell coating process resulted in less ASA degradation during storage. This was 
likely due to less heat and moisture stress imparted on the tablets due to the much shorter 
coating cycles. The Supercell coating process had a larger moisture removal capacity 
than the pan coater due to coating using air fluidization technique. The results from this 
study suggest that the Supercell coater is more suitable for the coating of tablets 
containing moisture-sensitive drugs than the pan coater.  
 
C.7 Conclusion Part C 
Supercell coated tablets were found to demonstrate comparable weight uniformity, % 
LOD, intra-tablet, intra-batch and inter-batch coat thickness uniformity, and coat 
roughness uniformity in comparison with pan coated tablets. This demonstrates the 
ability of the Supercell coater in coating tablets in a rapid, uniform and dependable 
manner. This study had shown the immense prospects of using the Supercell coater as an 




The coating conditions of an aqueous film coating process influenced the moisture 
content of tablets through their effects on the spreading, penetration and drying of the 
coating solution. The moisture content of coated tablets in Supercell coating was 
significantly influenced by the coating process parameters employed. Temperature, spray 
rate and coating level were significant in affecting the residual moisture content of coated 
tablets. However, the residual moisture content after coating did not correlate well and 
did not appear to be critical in influencing the extent of ASA degradation.  
 
Minimal degradation of ASA occurred during the aqueous film coating process in both 
the pan and the Supercell coaters. However, drug degradation was observed during 
storage. Degradation of ASA during storage appeared to follow zero-order kinetics. 
Despite the large range of process conditions employed in Supercell coating, only one 
coating condition resulted in a higher ASA degradation compared to pan coated tablets 
after 6 months of storage under accelerated stability conditions. The Supercell coater 
appeared to be more suitable for the coating of tablets containing moisture-sensitive 
drugs. The extent of ASA degradation during storage was shown to be dependent on the 
process conditions employed during Supercell coating. Increase in temperature generally 
led to a reduction in ASA degradation, while increase in spray rate and coating level 




D A study on in-line tablet coating – the influence of compaction and coating on 
tablet dimensional changes 
Freshly compacted tablets have been shown to display considerable post-compaction 
viscoelastic strain recovery (Marshall, 1999). In order to avoid subsequent coating 
defects, tablets are typically aged before coating to allow the complete viscoelastic 
recovery of materials. The possibility of continuous manufacturing is therefore hampered. 
In-line tablet coating is defined as the coating of tablets immediately after compaction. 
Tablet compaction and coating can be made markedly more efficient if coating can be 
carried out in-line. Although much work has been carried out to study the phenomenon of 
post-compaction viscoelastic recovery, no publications have evaluated viscoelastic 
recovery in relation to in-line tablet coating. 
 
Coating of tablets is commonly a unit batch operation. As the pharmaceutical industry 
gear towards continuous manufacturing, there is renewed interest in continuous tablet 
coaters. Continuous coaters are especially suited for in-line coating, as tablets post-
compaction can be directly fed to the coaters for coating. The Supercell coater is capable 
of quasi-continuous tablet coating (Cunningham et al., 2005, Cahyadi et al., 2010). 
Recently, the continuous pan coaters were also shown to be capable of coating tablets in a 
uniform and consistent manner  (Cunningham et al., 2010).  
 
The successful implementation of in-line tablet coating is strongly dependent on the 
balance of internal stresses between the tablet core and the polymer film coat. When the 
internal stresses present within the film coat exceed the film adhesion strength or tensile 
strength of the film coat, coating defects such as bridging of intagliations, cracking or 
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splitting of the film coat will occur (Rowe, 1983b, Okutgen et al., 1991b). In addition to 
compaction, the coating process also generates internal stress on the film coat. Several 
studies have evaluated the dimensional changes of tablets as a result of viscoelastic 
recovery post-compaction (Aulton et al., 1973, Picker, 2000, Picker, 2001) and post-
coating (Ruotsalainen et al., 2002). However, no studies have evaluated these effects in 
tandem. In contrast to the pan coater where tablets are coated while tumbling in a rotating 
perforated drum, the Supercell coater utilizes air fluidization for tablet coating. These two 
coaters operate based on different principles which will influence their suitability for in-
line coating.  
 
The use of outward tapered dies during tablet compaction has been suggested to be a 
practical measure to promote easier ejection of an expanding compact leaving the die 
cavity (Schwartz, 2001). Tapered dies will allow the tablet to slowly expand while it is 
being ejected from the die, even when the tablet is still within the die cavity. On the other 
hand, the sudden expansion of tablets upon ejection when an untapered die is used can 
cause stress that may result in capping and lamination. In addition, tapered dies also 
allow trapped air in the product to be removed as the upper punch enters the die at the 
beginning of the compression cycle (Natoli et al., 2009). It was therefore postulated that 
the use of tapered dies during compaction would lead to the production of tablets which 
would be more suitable for in-line coating. 
 
In-line coating is expected to result in improved productivity of the tablet manufacturing 
process due to the elimination of hold-up time associated with the post-tableting storage 
of the newly compressed tablets. Hence, this study aimed to investigate influence of 
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compaction and coating on the dimensional changes of tablets in order to evaluate the 
possibility of in-line tablet coating. Two types of tablets were prepared by using tapered 
and straight (untapered) dies. Tablets were coated either in-line or after complete 
viscoelastic recovery using both the Supercell and the pan coater. Each Supercell coating 
batch took 150 s to complete while each pan coating batch took about 45 min to 
complete. 
 
D.1 Influence of die tapering on ejection force  
Table 19 shows the minimum, mean and maximum ejection forces of tablets compacted 
using the tapered and untapered dies. Die tapering was generally found to decrease the 
minimum, mean and maximum ejection forces. However, only minimum ejection force 
was significantly lowered (p < 0.05). The lowering of tablet ejection force demonstrates 
that the compacts were ejected with greater ease, possibly reflecting more efficient 
compact stress relief.  
 
Table 19. Tablet ejection force for tapered and untapered dies.  
 
Ejection force (N) 
 
Minimum Mean Maximum SD RSD (%) 
Tapered die 592 677 990 77 11.4 
Untapered die 622 695 1253 87 12.4 
 
 
Tableting problems, such as capping or lamination, could be reduced by the use of 
tapered dies.  The decrease in ejection force during tableting is also useful to prolong the 
lifespan of the lower punch heads and the ejection cam. Friction is reduced and it is 
possible to operate the tablet press at a lower temperature (Natoli et al., 2009). 
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D.2 Tablet dimensional changes post-compaction 
Various methods have been used to quantify the extent of stress relaxation. Some 
examples include measuring changes in tablet dimensions, changes in porosity 
(Maarschalk et al., 1996), or quantifying the energy that is elastically stored after 
compaction. This energy is regarded as the driving force for stress relaxation (Maarschalk 
et al., 1997).  
 
Viscoelastic recovery is commonly defined as the percentage of expansion of the 
compact after ejection from the die, relative to the initial dimension of the compact 
(Armstrong and Haines-Nutt, 1972). Typical analytical methods to measure tablet 
dimensional changes utilize the micrometer screw gauge (Picker, 2001, Hauschild and 
Picker-Freyer, 2006), thermomechanical analysis (Picker, 2001) or linear voltage 
displacement transducer (Aulton et al., 1973, Kachrimanis and Malamataris, 2005). An 
ideal analytical technique to measure gradual tablet recovery by dimensional 
measurements should be contactless, continuous and convenient. The instrument should 
also be capable of measuring many samples continuously at multiple dimensions and 
yield precise and accurate measurements (Picker, 2000). In this study, axial and radial 
dimensional changes of tablets were measured using laser optical sensors capable of 
contactless, continuous and accurate analysis of multiple tablets.  
 
Immediately after compaction, the tablets were found to have % LOD of between 6.3 - 
6.7 % (Table 20). On the other hand, tablets equilibrated to the environmental condition 
employed for measurement of dimensional changes had % LOD of between 5.8 – 5.9 %. 
The moisture loss during equilibration of the tablets caused the tablets to shrink in both 
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the axial and radial directions (Fig. 43). Tablet dimensional changes post-compaction 
were affected by tablet shrinkage due to moisture loss during equilibration and 
viscoelastic recovery due to compaction. Therefore, the dimensional changes of tablets 
obtained were normalized and corrected for shrinkage effect. The height and diameter 
changes of tablets prepared using tapered and untapered dies are shown in Fig. 44. 
Freshly compacted tablets were found to increase in height (tapered: + 0.30 %, untapered: 
+ 0.21 %). However, the tablet diameter was found to decrease (tapered: - 0.21 %, 
untapered: - 0.13 %).  Shrinking of the tablet has been attributed to the reorganization of 
the material as a consequence of relaxation (Picker, 2000).  
 
Table 20. % LOD of coated and uncoated tablets prepared using tapered or untapered 











Uncoated Tapered - Unequilibrated 6.3 ± 0.0 
Uncoated Untapered - Unequilibrated 6.7 ± 0.1 
Uncoated Tapered - Equilibrated 5.9 ± 0.1 
Uncoated Untapered - Equilibrated 5.8 ± 0.1 
Supercell coated Tapered In-line - 5.7 ± 0.2 
Supercell coated Untapered In-line - 5.7 ± 0.1 
Supercell coated Tapered Recovered - 5.9 ± 0.1 
Supercell coated Untapered Recovered - 5.6 ± 0.1 
Pan coated Tapered In-line - 4.5 ± 0.1 
Pan coated Untapered In-line - 3.7 ± 0.1 
Pan coated Tapered Recovered - 3.8 ± 0.0 
Pan coated Untapered Recovered - 4.4 ± 0.1 
Supercell coated Tapered - Equilibrated 5.7 ± 0.1 
Supercell coated Untapered - Equilibrated 5.6 ± 0.1 
Pan coated Tapered - Equilibrated 5.6 ± 0.1 






Fig. 43. Height and diameter changes during equilibration of fully-recovered tablets prepared using tapered or untapered dies.  
*Missing data due to error in computer system during data collection. The trend observed was not affected. 
 
Tapered die: - 0.39 % 
Tapered die: - 0.24 %   
Untapered die: - 0.26 % 







Fig. 44. Corrected height and diameter changes of fully-recovered tablets prepared using tapered or untapered dies. 
*Missing data due to error in computer system during data collection. The trend observed was not affected. 
 
Tapered die: + 0.30 % 
Tapered die: - 0.21 %  
Untapered die: + 0.21 % 




There is inherent mechanical anisotropy within tablets as the materials are confined 
radially by a rigid die while being compressed axially by moving punches (Moe and 
Rippie, 1997). Radial and axial stresses and strain exist in the compact due to the highly 
unidirectional nature of the compaction process. High pressure zones within the compact 
were expected to show more expansion than low pressure zones. Therefore, it is generally 
well accepted that the radial recovery is less extensive than axial recovery due to the axial 
nature of compaction (Picker, 2001, Pilpel et al., 1992). Consequently, most studies had 
focused on evaluating changes in tablet height post-compaction. However, this study 
showed the importance of evaluating both tablet height and diameter changes 
concurrently.  
 
During compression and air evacuation, the dusty, fine, light and non-compressible 
particles are lifted upwards concomitantly.  These particles can form a line of non-
compressible particles along the point of air evacuation between the cap and band of the 
tablet, causing capping. As previously mentioned, tapered dies provide an avenue for air 
to evacuate during compression and promote easier ejection of the expanding compact as 
it exits the die cavity. Therefore, without die tapering, capping is more likely to occur. In 
this study, a precompression step was also included during tableting. Precompression 
helps to densify the material, allowing more time for plastic deformation and also allows 
a more gradual escape of air. Precompression permit time for proper bond formation and 
relaxation of the compact prior to final compaction (Schwartz, 2001).  
 
In this study, die tapering was not significant (p > 0.05) in influencing the extent of 
dimensional changes in both the axial and radial directions. In the radial direction, rapid 
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contraction and leveling of diameter were observed for tablets prepared using the tapered 
and untapered dies. However, the modes of axial expansion between tablets prepared 
using the two types of tablet dies were distinctly different. Tablets prepared using the 
tapered dies experienced rapid expansion followed by subsequent leveling. On the other 
hand, expansion was found to increase continually in an almost linear manner for tablets 
prepared using the untapered dies. Rapid recovery of tablets was viewed to be 
advantageous for in-line tablet coating as it ensured that viscoelastic recovery was more 
or less complete prior to coating. Therefore, the use of tapered dies in combination with 
precompression may be advantageous for successful in-line tablet coating.  
 
D.3 Tablet dimensional changes post-coating  
During film formation, individual polymer particles coalesce and fuse together to form a 
continuous film. Before solidification, polymer chains are mobile and can effectively 
minimize the level of stresses generated. As the film solidifies, only the film thickness 
can contract inwards. Film movement in the lateral direction is constrained by the 
adhesion of the film to the tablet substrate, thus producing internal stress within the film. 
Polymer chain mobility is restricted and the stresses are set in. 
 
Tablets undergo substantial amounts of dimensional change both during and after film 
coating. Film adhesion appeared to depend on the magnitude of dimensional changes 
(Ruotsalainen et al., 2002). Exposure to different temperatures and relative humidities 
during coating or storage were found to influence the magnitude and rate of dimensional 
changes in tablets due to water adsorption and evaporation (Okutgen et al., 1991b, 
Okutgen et al., 1991a). Processing parameters used during coating must be carefully 
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controlled to ensure an appropriate balance between rate of water removal and the need 
for the coating to remain wet long enough for a high-quality coherent film to be formed 
(Porter and Felton, 2010). The magnitude of the total internal stress in a film coat is 
greatly influenced by the conditions in which the films are formed and this magnitude 
changes on exposure of product to subsequent ambient storage conditions (Okutgen et al., 
1995). Large dimensional changes will worsen the internal stress experienced as the film 
coat is now dry and film flexibility is greatly reduced (Okutgen et al., 1991b). 
 
Coating conditions employed in this study are shown in Table 6. Fig. 45 shows the height 
and diameter changes of fully-recovered tablets which were coated using the Supercell 
and pan coaters. Supercell coated tablets were shown to shrink between 0.01 - 0.05 % but 
pan coated tablets were shown to swell between 0.27 - 0.90 % in both axial and radial 
directions. Pan coating resulted in significantly higher extents of tablet dimensional 
changes in comparison to Supercell coated tablets (p < 0.05). Table 20 shows the % LOD 
of tablets used in this study. At the end of Supercell coating, the tablets had % LOD 
between 5.6 – 5.9 %. This was very similar to the % LOD of the tablets equilibrated in 
the measurement chamber (5.3 – 5.7 %).  However, at the end of pan coating, the % LOD 
of tablets ranged from 3.7 – 3.8 %. The Supercell coating process appeared to be too 
short to induce significant moisture loss from the tablets despite the higher temperatures 
employed during coating. Okutgen et al. (1991b) determined dimensional changes in 
tablet cores as a function of temperature and RH to mimic the tablet coating process. It 
was shown that the combination of elevated temperature and low RH conditions 
exacerbated internal stress development in film coats. At this condition, two contrasting 
effects, firstly, thermal expansion and secondly, contraction due to water loss took place. 
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However, contraction due to water loss was found to be predominant, leading to greater 
extent of recovery subsequently due to moisture uptake. Even though the coating 
conditions employed during Supercell coating (high temperature, low RH) was expected 
to result in greater dimensional changes, optimal process parameters ensured balance in 
the moisture input and output, thus not affecting the volumetric stresses experienced by 
the tablets to a large extent. In contrast, the moisture loss from the pan coating process 
was greater. This would explain the greater moisture uptake and dimensional changes 
experienced by tablets after pan coating. The results show that some dimensional changes 
could be attributed to the coating process. In fact, the dimensional changes experienced 
after pan coating (height: + 0.74 to 0.90 %, diameter: + 0.27 to 0.32 %) were larger than 
the dimensional changes experienced during viscoelastic recovery of tablets post-
compaction (height: + 0.21 to 0.30 %, diameter: - 0.13 to 0.21 %). The use of tapered or 
untapered dies was not significant in affecting the dimensional changes of tablets in 
Supercell coating. However, the use of tapered dies during pan coating of fully-recovered 
tablets was shown to marginally lower (tapered – height: + 0.74 %, diameter: + 0.27 %) 
the extent of dimensional change relative to untapered dies (untapered – height: + 0.90 %, 
diameter: + 0.32 %). However, this reduction was not statistically significant (p > 0.05). 
Nevertheless, this reduction in dimensional changes may play a more obvious and 





Supercell, tapered die: - 0.01 % Supercell, untapered die: - 0.03 % 






Fig. 45. Height and diameter changes of Supercell and pan coated tablets (fully-recovered). 
*Missing data due to error in computer system during data collection. The trend observed was not affected. 
Supercell, tapered die: - 0.05 % Supercell, untapered die: - 0.04 % 




Fig. 46 shows the height and diameter changes of tablets after in-line coating using the 
Supercell and pan coater. The use of tapered or untapered dies was not significant in 
affecting the dimensional changes of tablets coated in-line using the Supercell coater 
(tapered – height: - 0.15 %, diameter: - 0.04 %; untapered – height: - 0.05 %, diameter: - 
0.01 %).  However, it was significant in affecting dimensional changes of tablets coated 
in-line using the pan coater (tapered – height: + 0.59 %, diameter: + 0.28 %; untapered – 
height: + 1.27 %, diameter: + 0.50 %). In pan coating, the use of tapered dies 
significantly (p < 0.05) decreased the extent of tablet dimensional changes. The results 
suggested that the use of tapered dies was more suitable for in-line coating of tablets 
when the pan coater was employed. The dimensional changes of tablets after in-line pan 
coating were also significantly higher than in Supercell in-line coated tablets (p < 0.05), 
suggesting that the Supercell coater was more suitable for the in-line coating of tablets. 
The % LOD was 5.7 % for Supercell in-line coated tablets and 3.7 – 4.5 % for in-line pan 
coated tablets (Table 20). Greater dimensional changes were observed in tablets coated 
in-line using the pan coater primarily due to water absorption post-coating. The results 
are in agreement with the findings obtained from the coating of fully-recovered tablets.  
From the results, it appeared that an effective method to reduce dimensional changes 
post-coating was to employ coating conditions to achieve final moisture content of tablets 
as close as possible to the ambient storage conditions. This was the main reason why 





Supercell, tapered die: - 0.15 % Supercell, untapered die: - 0.05 % 




Fig. 46. Height and diameter changes of Supercell and pan coated tablets (in-line).
Supercell, tapered die: - 0.04 % Supercell, untapered die: - 0.01 % 
Pan, tapered die: + 0.28 %  Pan, untapered die: + 0.50 %  
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In Supercell coating, the contraction of tablet dimensions in both axial and radial 
directions were not shown to be significantly different (p > 0.05). However, in pan 
coating, the axial expansion was found to be significantly higher than the radial 
expansion (p < 0.05). This applied to tablets coated both in-line and after complete 
viscoelastic recovery. The reason for this observation could be due to the more uniform 
application of materials and drying during Supercell coating since coating was carried out 
through air fluidization. Therefore, the extent of dimensional changes due to coating was 
found to be rather uniform throughout the tablet. In pan coating, the thick tablet bed 
tumbled in a rotating drum. Therefore, there was less uniform spray and heat applications 
among tablets which might be exposed or within the tablet bed. The greater expansion of 
tablets axially than radially is a probable reason as to why the resultant maximum strain 
or internal stress is often found at the tablet edge (Aulton et al., 1973). Thus, film 
cracking or splitting are often observed at the tablet edge (Rowe and Forse, 1980). 
Increased uniformity of stress application during Supercell coating as a result of air 
fluidization will result in more uniform stress relief. This may lead to fewer stressed 
zones where coat failures are liable.   
 
In general, the tablets were found to expand or shrink in both the axial and radial 
directions after coating. This dimensional change behavior was different from that 
observed as a result of compaction where the tablet expanded axially but shrunk radially. 
The stress exerted by the coating process, unlike compaction, was in all directions, and 
not just predominantly the axial direction. Therefore, the same expanding or shrinking 
behavior was likely to occur in all directions.  
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D.4 Possibility of in-line coating 
For Supercell coating, the coating of tablets either in-line or after complete viscoelastic 
recovery did not result in significantly different tablet dimensional changes (p > 0.05). 
The results showed that the Supercell coater has immense potential to be used as an in-
line tablet coater.  
 
In contrast, the choice of in-line coating or coating after complete viscoelastic recovery 
had a significant impact on pan coated tablets (p < 0.05). When tapered dies were used, 
greater dimensional changes were generally observed in tablets coated after complete 
viscoelastic recovery (height: + 0.74 %, diameter: + 0.27 %) than in-line coated tablets 
(height: + 0.59, diameter: + 0.28 %). On the other hand, when untapered dies were used, 
greater dimensional changes were observed in in-line coated tablets (height: + 1.27 %, 
diameter: + 0.50 %) than fully-recovered tablets (height: + 0.90 %, diameter: +0.32 %). 
The results suggest that the use of tapered dies was better for in-line pan coating. 
 
D.5 Conclusion Part D 
In this study, tablets were shown to expand axially but shrink radially post-compaction. 
The use of tapered dies not only reduced ejection forces in tableting but also resulted in 
more rapid axial viscoelastic recovery of materials post-compaction.  
 
The coating process caused dimensional changes in tablets. Supercell coating resulted in 
significantly less tablet dimensional changes compared to pan coating for tablets coated 
either in-line or after complete viscoelastic recovery. This suggests that the Supercell 
coater was more suitable than the pan coater for in-line tablet coating. In Supercell 
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coating, the dimensional changes in both axial and radial directions were also not shown 
to be significantly different. However, in pan coating, the axial expansion was found to 
be significantly higher than the radial expansion. Due to coating using air fluidization, 
there was uniform distribution of stress during Supercell coating. This could possibly 
result in more uniform stress relief throughout the tablet. Fewer stressed zones within the 
tablet can help to reduce subsequent coating defects.   
 
In Supercell coating, there was no significant difference in the dimensional changes of 
tablets coated in-line or after complete viscoelastic recovery. In contrast, significantly 
different dimensional changes were observed in pan coating. Die tapering was not shown 
to be significant in affecting the extent of dimensional changes for Supercell coated 
tablets. However, the use of tapered dies significantly decreased the extent of tablet 
dimensional changes when tablets were coated in-line using the pan coater.  
 
This study has shown the immense prospects of in-line Supercell coating to improve 
manufacturing efficiencies. With prudent selection of tablet formulations, tableting 
parameters, coating conditions and storage environments, it is possible to carry out in-line 















V  CONCLUSION 
The Supercell coater is a unique quasi-continuous tablet coating system which 
employs fluidizing air for high-speed tablet coating. The Supercell coater has not been 
extensively studied and limited information is available in the literature. Therefore, 
the main aim of this project is to study tablet coating using the Supercell coater, 
improve understanding on the operation of the Supercell coater and add to the build-
up of information on the Supercell coating technology.  
 
In the first part of this study, critical process parameters for Supercell coating were 
identified and optimized using DoE. Optimal conditions were found to vary over a 
range when different responses were considered. Changes in processing parameters 
did not result in drastic changes to coat quality, thereby demonstrating robustness in 
the Supercell coating process.  
 
The second part of this study examined coat formation and changes to coat quality as 
coating progressed under various coating conditions. The Supercell coater was 
sufficiently robust in producing tablet coats of similar quality consistently, within the 
ranges studied. The Supercell coating process proved to be a rapid method for making 
aesthetic coats of high coat thickness uniformity and good surface and colour quality 
attributes even though coating cycles were very short. XRF, Raman and NIR 
spectroscopy were  also found to be valuable as rapid and non-destructive PAT tools 
for  monitoring coat development in the Supercell coating process. XRF spectroscopy 
was suitable for the assessment of process efficiency. Both Raman and NIR 





The third part of this study compared the quality of tablet coats produced using the 
Supercell coater and the conventional side-vented pan coater. The Supercell coater 
was able to achieve uniformity in coat weight, thickness and surface roughness that 
was comparable to that of the current industrial gold standard, the pan coater. The 
Supercell coating process was also more suitable for the coating of tablets containing 
moisture-sensitive drugs due to the improved heat and mass transfers. Minimal ASA 
was degraded at the end of the coating process but the extent of ASA degradation was 
more pronounced during storage. The Supercell coated tablets exhibited comparable 
or smaller percentage of ASA degradation than the pan coated tablets at the end of a 
storage period of 6 months under accelerated stability conditions. The extent of ASA 
degradation during storage was dependent on the processing conditions employed in 
Supercell coating.  
 
In the last part of this study, the feasibility of in-line coating was studied. In addition, 
the use of tapered dies during compaction was evaluated. Pan coating resulted in 
significantly greater tablet dimensional changes compared to Supercell coating. There 
was no significant difference in dimensional changes of tablets coated in-line or after 
complete viscoelastic recovery in Supercell coating. However, significantly different 
dimensional changes were observed in pan coating. The use of tapered dies during 
compaction was found to result in more rapid viscoelastic recovery and also 
significantly reduced tablet dimensional changes when tablets were coated in-line 
using the pan coater. The Supercell coater was more suitable for in-line tablet coating 
than the pan coater.  
 
Even though a proof-of-concept for in-line coating was successfully demonstrated, 
more work needs to be carried out to explore in-line coating in greater detail. In 
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particular, investigations should focus on the influence of the tablet core, the film 
coating formulation, the coating equipment and the coating condition employed. It is 
important to note that in an actual coating process, it is not possible to separate the 
contributions of the factors for the successful in-line coating of tablets. More often 
than not, all the factors will interplay in a complex manner. However, with more 

















VI  REFERENCES 
Achanta, A. S., Adusumilli, P. S., James, K. W. & Rhodes, C. T. (1997) Development 
of hot melt coating methods. Drug Development and Industrial Pharmacy, 23, 387-
401. 
 
Adolfsson, A. & Nystrom, C. (1996) Tablet strength, porosity, elasticity and solid 
state structure of tablets compressed at high loads. International Journal of 
Pharmaceutics, 132, 95-106. 
 
Akseli, I., Becker, D. C. & Cetinkaya, C. (2009) Ultrasonic determination of Young's 
moduli of the coat and core materials of a drug tablet. International Journal of 
Pharmaceutics, 370, 17-25. 
 
Akseli, I. & Cetinkaya, C. (2008) Drug tablet thickness estimations using air-coupled 
acoustics. International Journal of Pharmaceutics, 351, 165-173. 
 
Alderborn, G. (2007) Tablets and compaction. IN Aulton, M. E. (Ed.) Aulton’s 
Pharmaceutics: The design and manufacture of medicines. 3 ed. London, UK, 
Churchill Livingstone. 
 
Allen, L. V. (2006) Handbook of Pharmaceutical Excipients. IN Rowe, R. C., 
Sheskey, P. J. & Owen, S. C. (Eds.) 5 ed. London, Pharmaceutical Press and 
American Pharmacists Association. 
 
Amighi, K. & Moes, A. (1996) Influence of plasticizer concentration and storage 
conditions on the drug release rate from Eudragit(R) RS30D film-coated sustained-
release theophylline pellets. European Journal of Pharmaceutics and 
Biopharmaceutics, 42, 29-35. 
 
Andersson, M., Holmquist, B., Lindquist, J., Nilsson, O. & Wahlund, K. G. (2000) 
Analysis of film coating thickness and surface area of pharmaceutical pellets using 
fluorescence microscopy and image analysis. Journal of Pharmaceutical and 
Biomedical Analysis, 22, 325-339. 
 
Andersson, M., Josefson, M., Langkilde, F. W. & Wahlund, K. G. (1999) Monitoring 
of a film coating process for tablets using near infrared reflectance spectrometry. 
Journal of Pharmaceutical and Biomedical Analysis, 20, 27-37. 
 
Ando, M., Ito, R., Ozeki, Y., Nakayama, Y. & Nabeshima, T. (2007) Evaluation of a 
novel sugar coating method for moisture protective tablets. International Journal of 
Pharmaceutics, 336, 319-328. 
 
Armstrong, N. A. & Haines-Nutt, R. F. (1972) Elastic recovery and surface area 
changes in compacted powder systems. Journal of  Pharmacy and Pharmacology, 24, 
135-136. 
 
Aulton, M. E. (1995) Mechanical properties of film coats. IN Cole, G. C. (Ed.) 
Pharmacaeutical Coating Technology. London, UK, Taylor & Francis. 
196 
 
Aulton, M. E., Travers, D. N. & White, P. J. P. (1973) Strain recovery of compacts on 
extended storage Journal of Pharmacy and Pharmacology, 25, P79-P86. 
 
Aulton, M. E. & Twitchell, A. M. (1995a) Film coat quality. IN Cole, G. C. (Ed.) 
Pharmaceutical Coating Technology. London, UK, Taylor and Francis. 
 
Aulton, M. E. & Twitchell, A. M. (1995b) Solution properties and atomization in film 
coating. IN Cole, G. C. (Ed.) Pharmaceutical coating technology. London, UK, 
Taylor and Francis. 
 
Barkley, A., Levine, S. & C.Signorino (2006) The evolution and evaluation of tablet 
coatings. Tablets and capsules. 
 
Basf (2010) Technical information: Kollicoat IR. Limburgerhof, Germany. 
 
Bechard, S. R., Quraishi, O. & Kwong, E. (1992) Film coating: Effect of titanium 
dioxide concentration and film thickness on the photostability of nifedipine. 
Pharmaceutical Research (New York), 9, S148. 
 
Birkmire, A. P. (2004) A novel process for coating objects 3-35 mm in diameter. 11
th
 
International Coating Science and Technology Symposium. 
 
Birkmire, A. P. & Liew, C. V. (2003) An accurate method of coating tablets with 
active pharmaceutical ingredients. 5
th
 European Coating Symposium 2003 
Proceedings, 279-284. 
 
Birkmire, A. P. & Liew, C. V. (2004) Tablet coating in the novel Supercell coater: 
Evaluation of colour uniformity. American Association of Pharmaceutical Scientists 
Annual Meeting 2004 Poster session 
 
Birkmire, A. P. & Walter, K. T. (2006) Enteric tablet coating. Pharma Magazine, 2, 
28-38. 
 
Bodmeier, R. (1997) Tabletting of coated pellets. European Journal of Pharmaceutics 
and Biopharmaceutics, 43, 1-6. 
 
Bond, A. D., Boese, R. & Desiraju, G. R. (2007) On the polymorphism of aspirin: 
Crystalline aspirin as intergrowths of two "polymorphic" domains". Angewandte 
Chemie-International Edition, 46, 618-622. 
 
Bose, S. & Bogner, R. H. (2007) Solventless pharmaceutical coating processes: A 
review. Pharmaceutical Development and Technology, 12, 115-131. 
 
Buchanan, B. R., Baxter, M. A., Chen, T. S., Qin, X. Z. & Robinson, P. A. (1996) Use 
of near-infrared spectroscopy to evaluate an active in a film coated tablet. 
Pharmaceutical Research, 13, 616-621. 
 
Bugay, D. E. & Findlay, W. P. (2002) Vibrational spectroscopy. IN Ohannesian, L. & 




Cahyadi, C., Heng, P. W. S. & Chan, L. W. (2010) Optimization of process 
parameters for a quasi-continuous tablet coating system using design of experiments. 
AAPS Pharmscitech. 
 
Carstensen, J. T. (1988) Effect of moisture on the stability of solid dosage forms. 
Drug Development and Industrial Pharmacy, 14, 1927-1969. 
 
Cerea, M., Zheng, W. J., Young, C. R. & Mcginity, J. W. (2004) A novel powder 
coating process for attaining taste masking and moisture protective films applied to 
tablets. International Journal of Pharmaceutics, 279, 127-139. 
 
Chan, L. W., Chan, W. Y. & Heng, P. W. S. (2001) An improved method for the 
measurement of colour uniformity in pellet coating. International Journal of 
Pharmaceutics, 213, 63-74. 
 
Chan, L. W., Tang, E. S. K. & Heng, P. W. S. (2006) Comparative Study of the fluid 
dynamics of bottom spray fluid bed coaters. AAPS PharmSciTech, 7, E1-9. 
 
Channer, K. S. & Virjee, J. P. (1985) The effect of formulation on oesophageal 
transit. Journal of Pharmacy and Pharmacology, 37, 126-129. 
 
Chen, W., Chang, S. Y., Kiang, S., Marchut, A., Lyngberg, O., Wang, J., Rao, V., 
Desai, D., Stamato, H. & Early, W. (2010) Modeling of Pan Coating Processes: 
Prediction of Tablet Content Uniformity and Determination of Critical Process 
Parameters. Journal of Pharmaceutical Sciences, 99, 3213-3225. 
 
Christensen, F. N. & Bertelsen, P. (1997) Qualitative description of the Wurster-based 
fluid-bed coating process. Drug Development and Industrial Pharmacy, 23, 451-463. 
 
Cole, G. C. (Ed.) (1995a) Coating pans and coating columns, London, UK, Taylor 
and Francis. 
 
Cole, G. C. (1995b) The coating process  IN Cole, G. C. (Ed.) Pharmaceutical 
Coating Technology. London, UK, Taylor and Francis. 
 
Cole, G. C. (1995c) Introduction and overview of pharmaceutical coating. IN Cole, G. 
C. (Ed.) Pharmaceutical Coating Technology. London, UK, Taylor and Francis. 
 
Connors, K. A., Amidon, G. L. & Stella, V. J. (1986) Solid-state chemical 
decomposition. Chemical stability of pharmaceuticals - A handbook for pharmacists. 
2 ed. New York, United States, John Wiley and sons. 
 
Cunningham, C., Hansell, J., Nuneviller, F. & Rajabi-Siahboomi, A. R. (2010) 
Evaluation of recent advances in continuous film coating processes. Drug 
Development and Industrial Pharmacy, 36, 227-233. 
 
Cunningham, C., Neely, C. & Kevra, A. (2005) Investigation of a new coating process 
for the application of enteric coatings to small tablet samples. AAPS Annual meeting 




Cunningham, C. R., Kinsey, B. R. & Scattergood, L. K. (2001) Formulation of 
acetylsalicylic acid tablets for aqueous enteric film coating. Pharmaceutical 
Technology Europe, May. 
 
Deasy, P. B. (1984) Air suspension coating. IN Deasy, P. B. (Ed.) 
Microencapsulation and related drug processes. New York, USA, Marcel Dekker. 
 
Driam (2009) Film coating with the continuous cycled coater Driaconti-T Pharma. 
Driam  
 
Du, J. P. & Hoag, S. W. (2001) The influence of excipients on the stability of the 
moisture-sensitive drugs aspirin and niacinamide: Comparison of tablets containing 
lactose monohydrate with tablets containing anhydrous lactose. Pharmaceutical 
Development and Technology, 6, 159-166. 
 
Duncan-Hewitt, W. C. (1996) Modelling the compression behaviour of parcel 
assemblies from the mechanical properties of individual particles. IN Alderborn, G. & 
Nystrom, C. (Eds.) Pharmaceutical powder compaction technology. New York, USA, 
Marcel Dekker. 
 
Esbensen, K. H. (2001) Glossary of terms. IN Esbensen, K. H. (Ed.) Multivariate data 
analysis - in practice. 5 ed. Norway, CAMO  
 
Fda (2003) Guidance for industry Q1A (R2) Stability testing of new drug substances 
and products. USA. 
 
Fda (2004) Guidance for industry: PAT- A framework for innovative pharmaceutical 
development, manufacturing and quality assurance. USA. 
 
Felton, L. A. & Mcginity, J. W. (1996) Influence of tablet hardness and 
hydrophobicity on the adhesive properties of an acrylic resin copolymer. 
Pharmaceutical Development and Technology, 1, 381-389. 
 
Felton, L. A. & Mcginity, J. W. (1999a) Adhesion of polymeric films to 
pharmaceutical solids. European Journal of Pharmaceutics and Biopharmaceutics, 
47, 3-14. 
 
Felton, L. A. & Mcginity, J. W. (1999b) Influence of pigment concentration and 
particle size on adhesion of an acrylic resin copolymer to tablet compacts. Drug 
Development and Industrial Pharmacy, 25, 597-604. 
 
Felton, L. A. & Mcginity, J. W. (2002) Influence of insoluble excipients on film 
coating systems. Drug Development and Industrial Pharmacy, 28, 225-243. 
 
Felton, L. A. & Perry, W. L. (2002) A novel technique to quantify film-tablet 
interfacial thickness. Pharmaceutical Development and Technology, 7, 43-47. 
 
Felton, L. A. & Porter, S. C. (2010) Guest Editor's Comments. Drug Development 
and Industrial Pharmacy, 36, 127-127. 
199 
 
Fukumori, Y., Ichikawa, H., Jono, K., Takeuchi, Y. & Fukuda, T. (1992) Computer 
simulation of agglomeration in the Wurster process Chemical & Pharmaceutical 
Bulletin, 40, 2159-2163. 
 
Funke, W., Zorll, U. & Murthy, B. G. K. (1969) Interfacial effects in solid paint films 
related to some film properties. Journal of Paint Technology, 41, 210-221. 
 
Gavezzotti, A. & Filippini, G. (1995) Polymorphic forms of organic crystals at room 
condittions - thermodynamic and structural implications Journal of the American 
Chemical Society, 117, 12299-12305. 
 
Gibson, S. H. M., Rowe, R. C. & White, E. F. T. (1988a) Determination of the critical 
pigment volume concentrations of pigmented film coating formulations using gloss 
measurement International Journal of Pharmaceutics, 45, 245-248. 
 
Gibson, S. H. M., Rowe, R. C. & White, E. F. T. (1988b) Mechanical properties of 
pigmented tablet coating formulations and their resistance to cracking .1. Static 
mechnanical measurement International Journal of Pharmaceutics, 48, 63-77. 
 
Gibson, S. H. M., Rowe, R. C. & White, E. F. T. (1989) The mechanical properties of 
pigmented tablet coating formulations and their resistance to cracking .2. Dynamic 
mechanical measurement International Journal of Pharmaceutics, 50, 163-173. 
 
Gulian, S., Farrell, T. & Steffenino, R. (2005) The effect of coating process conditions 
and coating formula type on the quantity and location of water in film-coated tablets. 
AAPS Annual meeting and Exposition Poster. 
 
Gupchup, G., Alexander, K. & Dollimore, D. (1992) The use of thermal-analysis and 
mass-spectrometry to study the solid-state behavior in pharmaceutical tablet mixtures. 
Thermochimica Acta, 196, 267-278. 
 
Gupta, V. K., Beckert, T. E. & Price, J. C. (2001) A novel pH- and time-based multi-
unit potential colonic drug delivery system. I. Development. International Journal of 
Pharmaceutics, 213, 83-91. 
 
Hancock, B. C. & Rowe, R. C. (1998) The thermal expansion of pharmaceutical 
solids. Stp Pharma Sciences, 8, 213-220. 
 
Hariharan, M. & Gupta, V. K. (2002) A novel concept for the production of 
compression-coated tablets. Pharmaceutical Technology Europe, 14, 46-56. 
 
Hauschild, K. & Picker-Freyer, K. M. (2006) Evaluation of tableting and tablet 
properties of Kollidon SR: The influence of moisture and mixtures with theophylline 
monohydrate. Pharmaceutical Development and Technology, 11, 125-140. 
 
Heinamaki, J., Ruotsalainen, M., Lehtola, V., Antikainen, O. & Yliruusi, J. (1997) 
Optimization of aqueous-based film coating of tablets performed by a side-vented pan 
coating system. Pharmaceutical Development and Technology, 2, 357-364. 
200 
 
Heng, P. W. S., Chan, L. W. & Tang, E. S. K. (2006) Use of swirling airflow to 
enhance coating performance of bottom spray fluid bed coaters. International Journal 
of Pharmaceutics, 327, 26-35. 
 
Hiestand, E. N., Wells, J. E., Peot, C. B. & Ochs, J. F. (1977) Physical process of 
tableting. Journal of  Pharmaceutical Science, 66, 510-519. 
 
Ho, L., Muller, R., Romer, M., Gordon, K. C., Heinamaki, J., Kleinebudde, P., 
Pepper, M., Rades, T., Shen, Y. C., Strachan, C. J., Taday, P. F. & Zeitler, J. A. 
(2007) Analysis of sustained-release tablet film coats using terahertz pulsed imaging. 
Journal of Controlled Release, 119, 253-261. 
 
Hogan, J. E. (1995) Film coating materials and their properties. IN Cole, G. C. (Ed.) 
Pharmaceutical Coating Technology. London, UK, Taylor and Francis. 
 
Jones, B. E. (2007) Hard gelatin capsules. IN Aulton, M. E. (Ed.) Aulton’s 
Pharmaceutics: The design and manufacture of medicines, . 3 ed. London, UK, 
Churchill Livingstone. 
 
Jones, D. M. & Percel, P. J. (1994) Coating of multiparticulates using molten 
materials. IN Ghebre-Sellassie, I. (Ed.) Multiparticulate oral drug delivery. New 
York, USA, Marcel Dekker. 
 
Juuti, M., Van Veen, B., Peiponen, K. E., Ketolainen, J., Kalima, V., Silvennoinen, R. 
& Pakkanen, T. T. (2006) Local and average gloss from flat-faced sodium chloride 
tablets. Aaps Pharmscitech, 7. 
 
Kachrimanis, K. & Malamataris, S. (2005) Compact size and mechanical strength of 
pharmaceutical diluents. European Journal of Pharmaceutical Sciences, 24, 169-177. 
 
Kai, Z. (2011) Suitability of a new aqueous polymer dispersion for moisture barrier 
coating of soft gelatin capsules. BASF Corporation. 
 
Kalbag, A., Wassgren, C., Penumetcha, S. S. & Perez-Ramos, J. D. (2008) Inter-tablet 
coating variability: Residence times in a horizontal pan coater. Chemical Engineering 
Science, 63, 2881-2894. 
 
Kauffman, J. F., Dellibovi, M. & Cunningham, C. R. (2007) Raman spectroscopy of 
coated pharmaceutical tablets and physical models for multivariate calibration to 
tablet coating thickness. Journal of Pharmaceutical and Biomedical Analysis, 43, 39-
48. 
 
Kushaari, K., Pandey, P., Song, Y. X. & Turton, R. (2006) Monte Carlo simulations 
to determine coating uniformity in a Wurster fluidized bed coating process. Powder 
Technology, 166, 81-90. 
 
Lachman, L. (1965) Physical and chemical stability of tablet dosage forms Journal of 
Pharmaceutical Sciences, 54, 1519-&. 
201 
 
Leaver, T. M., Shannon, H. D. & Rowe, R. C. (1985) A photometric analysis of tablet 
movement in a side-vented perforated drum (Accela-Cota). Journal of Pharmacy and 
Pharmacology, 37, 17-21. 
 
Leeson, L. J. & Mattocks, A. M. (1958) Decomposition of aspirin in the solid state 
Journal of the American Pharmaceutical Association, 47, 329-333. 
 
Lehmann, K. (1994) Coating of multiparticulates using polymeric solutions. 
Formulation and process considerations. IN Ghebre-Sellassie, I. (Ed.) 
Multiparticulate oral drug delivery. New York, USA, Marcel Dekker. 
 
Li, T. L. (2007) Understanding the polymorphism of aspirin with electronic 
calculations. Journal of Pharmaceutical Sciences, 96, 755-760. 
 
Lin-Vien, D., Colthup, N. B., Fateley, W. G. & Grasselli, J. G. (1991) Handbook Of 
Infrared And Raman Characteristic Frequencies Of Organic Molecules. New York, 
Academic Press. 
 
Loh, Z. H., Liew, C. V., Lee, C. C. & Heng, P. W. S. (2008) Microwave-assisted 
drying of pharmaceutical granules and its impact on drug stability. International 
Journal of Pharmaceutics, 359, 53-62. 
 
Long, G. T., Vyazovkin, S., Gamble, N. & Wight, C. A. (2002) Hard to swallow dry: 
Kinetics and mechanism of the anhydrous thermal decomposition of acetylsalicylic 
acid. Journal of Pharmaceutical Sciences, 91, 800-809. 
 
Maarschalk, K., Zuurman, K., Vromans, H., Bolhuis, G. K. & Lerk, C. F. (1997) 
Stress relaxation of compacts produced from viscoelastic materials. International 
Journal of Pharmaceutics, 151, 27-34. 
 
Maarschalk, K. V., Zuurman, K., Vromans, H., Bolhuis, G. K. & Lerk, C. F. (1996) 
Porosity expansion of tablets as a result of bonding and deformation of particulate 
solids. International Journal of Pharmaceutics, 140, 185-193. 
 
Madamba, M. C., Mullet, W. M., Debnath, S. & Kwong, E. (2007) Characterization 
of tablet film coatings using laser-induced breakdown spectroscopic technique. Aaps 
Pharmscitech, 8, E1-7. 
 
Maganti, L. & Celik, M. (1994) Compaction studies on pellets: II. Coated pellets. 
International Journal of Pharmaceutics, 147, 95-107. 
 
Mancoff, W. (1998) Film coating compressed tablets in a continuous process. 
Pharmaceutical Technology 22, 12-18. 
 
Mann, U., Crosby, E. J. & Robinovitch, M. (1974) Number of cycle distribution in 
circulating systems. Chemical Engineering Science, 29, 761-765. 
 
Marshall, K. (1999) Compression/Compaction. FMC Corporation. 
202 
 
Marvola, M., Nykanen, P., Rautio, S., Isonen, N. & Autere, A. M. (1999) Enteric 
polymers as binders and coating materials in multiple-unit site-specific drug delivery 
systems. European Journal of Pharmaceutical Sciences, 7, 259-267. 
 
Marvola, M., Rajaniemi, M., Marttila, E., Vahervuo, K. & Sothmann, A. (1983) 
Effect of dosage form and formulation factors on the adherence of drugs to the 
esophagus. Journal of Pharmaceutical Sciences, 7, 259-267. 
 
Maurer, L. & Leuenberger, H. (2009) Terahertz pulsed imaging and near infrared 
imaging to monitor the coating process of pharmaceutical tablets. International 
Journal of Pharmaceutics, 370, 8-16. 
 
Mcgoverin, C. M., Rades, T. & Gordon, K. C. (2008) Recent Pharmaceutical 
Applications of Raman and Terahertz Spectroscopies. Journal of Pharmaceutical 
Sciences, 97, 4598-4621. 
 
Mehta, A. M. (2008) Processing and equipment considerations for aqueous coatings. 
IN McGinity, J. W. & Felton, L. A. (Eds.) Aqueous polymeric coatings for 
pharmaceutical dosage forms. New York, Informa Healthcare. 
 
Merck-Index (2006) IN O'Neil, M. J. (Ed.) The Merck Index: An encyclopedia of 
chemicals, drugs, and biologicals. 14 ed. New Jersey, USA, Merck Research 
Laboratories. 
 
Moe, D. V. & Rippie, E. G. (1997) Nondestructive viscoelastic analysis of 
anisotrophy in compressed tablets. Journal of Pharmaceutical Sciences, 86, 26-32. 
 
Mowery, M. D., Sing, R., Kirsch, J., Razaghi, A., Bechard, S. & Reed, R. A. (2002) 
Rapid at-line analysis of coating thickness and uniformity on tablets using laser 
induced breakdown spectroscopy. Journal of Pharmaceutical and Biomedical 
Analysis, 28, 935-943. 
 
Muller, J., Knop, K., Thies, J., Uerpmann, C. & Kleinebudde, P. (2010) Feasibility of 
Raman spectroscopy as PAT tool in active coating. Drug Development and Industrial 
Pharmacy, 36, 234-243. 
 
Nakabayashi, K., Tsuchida, T. & Mima, H. (1981) Stability of packaged solid dosage 
forms .4. Shelf-life prediction of packaged aspirin aluminium tablets under the 
influence of moisture and heat Chemical & Pharmaceutical Bulletin, 29, 2027-2034. 
 
Natoli, D., Levin, M., Tsygan, L. & Liu, L. (2009) Development, optimization, and 
scale-up of process parameters: Tablet compression. IN Qiu, Y., Chen, Y., Zhang, G. 
G. Z., Liu, L. & Porter, W. R. (Eds.) Developing solid oral dosage forms - 
Pharmaceutical theory and practice. New York, USA, Elsevier Inc. 
 
Ngui, M. O. & Mallapragada, S. K. (1999) Mechanistic investigation of drying 
regimes during solvent removal from poly(vinyl alcohol) films. Journal of Applied 




O'hara, D. & Marjeram, J. (2008) Continuous feed tablet coating system. US Patent 
2008/0193632. 
 
Obara, S. & Kokubo, H. (2008) Application of HPMC and HPMCAS to aqueous film 
coating of pharmaceutical dosage forms. IN McGinity, J. W. & Felton, L. A. (Eds.) 
Aqueous polymeric coatings for pharmaceutical dosage forms. 3 ed. New York, 
Informa Healthcare  
 
Ohmori, S., Ohno, Y., Makino, T. & Kashihara, T. (2005) Application of an 
electronic nose system for evaluation of unpleasant odor in coated tablets. European 
Journal of Pharmaceutics and Biopharmaceutics, 59, 289-297. 
 
Okhamafe, A. O. & York, P. (1984) Effect of solids polymer interactions on the 
properties of some aqueous based tablet film coating formulations .2. Mechanical 
characteristics International Journal of Pharmaceutics, 22, 273-281. 
 
Okor, R. S. (2005) Brittle fracture during tableting - a problem for the pharmaceutical 
industry. Tropical Journal of Pharmaceutical Research, 4, 481-482. 
 
Okutgen, E., Hogan, J. E. & Aulton, M. E. (1991a) Effects of tablet core dimensional 
instability on the generation of internal stresses within film coats .1. Influence of 
temperature changes during the film coating process. Drug Development and 
Industrial Pharmacy, 17, 1177-1189. 
 
Okutgen, E., Hogan, J. E. & Aulton, M. E. (1991b) Effects of tablet core dimensional 
instability on the generation of internal stresses within film coats .3. Exposure to 
temperatures and relative humidities which mimic the film coating process. Drug 
Development and Industrial Pharmacy, 17, 2005-2016. 
 
Okutgen, E., Hogan, J. E. & Aulton, M. E. (1995) Quantitative estimation of internal 
stress development in aqueous HPMC tablet film coats. International Journal of 
Pharmaceutics, 119, 193-202. 
 
Overgaard, A. B. A., Hojsted, J., Hansen, R., Moller-Sonnergaard, J. & Christrup, L. 
L. (2001) Patients' evaluation of shape, size and color of solid dosage forms. Pharm 
World Sci, 23, 185-188. 
 
Parissaux, X., Joshi, A., Dusautois, C., Bihan, G. L. & Lefevre, P. (2006) Functional 
Advantages of a Novel Modified Starch over HPMC in Aqueous Film Coating of 
Tablets. AAPS Annual meeting and Exposition Poster. 
 
Parmar, J. & Rane, M. (2009) Tablet formulation design and manufacture: Oral 
immediate release application. Pharma Times, 41, 21-29. 
 
Patel, M., Patel, J. M. & Lemberger, A. P. (1964) Water vapor permeation of selected 
cellulose ester films Journal of Pharmaceutical Sciences, 53, 286. 
 
Pearnchob, N., Siepmann, J. & Bodmeier, R. (2003) Pharmaceutical applications of 
shellac: Moisture-protective and taste-masking coatings and extended-release matrix 
tablets. Drug Development and Industrial Pharmacy, 29, 925-938. 
204 
 
Perez-Ramos, J. D., Findlay, W. P., Peck, G. & Morris, K. R. (2005) Quantitative 
analysis of film coating in a pan coater based on in-line sensor measurements. Aaps 
Pharmscitech, 6. 
 
Picker, K. M. (1999) The use of carrageenan in mixture with microcrystalline 
cellulose and its functionality for making tablets. European Journal of Pharmaceutics 
and Biopharmaceutics, 48, 27-36. 
 
Picker, K. M. (2000) The automatic micrometer screw. European Journal of 
Pharmaceutics and Biopharmaceutics, 49, 171-176. 
 
Picker, K. M. (2001) Time dependence of elastic recovery for characterization of 
tableting materials. Pharmaceutical Development and Technology, 6, 61-70. 
 
Picker, K. M. (2004) "Soft tableting": A new concept to tablet pressure-sensitive 
materials. Pharmaceutical Development and Technology, 9, 107-121. 
 
Pilpel, N., Malamataris, S., Bangudu, A. B., Esezobo, S. & Itiola, O. A. (1992) 
Plastoelasticity and tabletting of single and multicomponent powders Powder 
Technology, 69, 195-201. 
 
Porter, S. C. (2007) Coating of tablets and multiparticulates. IN Aulton, M. E. (Ed.) 
Aulton’s Pharmaceutics: The design and manufacture of medicines. 3 ed. London, 
UK, Churchill Livingstone. 
 
Porter, S. C. & Felton, L. A. (2010) Techniques to assess film coatings and evaluate 
film-coated products. Drug Development and Industrial Pharmacy, 36, 128-142. 
 
Porter, S. C. & Ridgway, K. (1983) An evaluation of the properties of enteric coating 
polymers: measurement of glass transition temperature. Journal of  Pharmacy and 
Pharmacology, 35, 341-344. 
 
Porter, S. C., Sackett, G. & Liu, L. (2009) Development, optimization, and scale-up of 
process parameters: pan coating. IN Qiu Y., Chen, Y., Zhang G. G. Z., Liu L., Porter 
W. R. (Ed.) Developing solid oral dosage forms - Pharmaceutical theory and 
practice. New York, USA, Elsevier Inc. 
 
Porter, S. C., Verseput, R. P. & Cunningham, C. R. (1997) Process optimization using 
design of experiments. Pharmaceutical Technology Europe, 44-52. 
 
Pourkavoos, N. & Peck, G. E. (1993a) The effect of swelling characteristics of 
superdisintegrants on the aqueous coating solution penetration into the tablet matrix 
during the film coating process Pharmaceutical Research, 10, 1363-1371. 
 
Pourkavoos, N. & Peck, G. E. (1993b) Evaluation of moisture sorption by tablet cores 
containing superdisintegrants during the aqueous film coating process Pharmaceutical 




Pourkavoos, N. & Peck, G. E. (1994) Effect of aqueous film coating conditions on 
water removal efficiency and physical-properties of coated tablet cores containing 
superdisintegrants Drug Development and Industrial Pharmacy, 20, 1535-1554. 
 
Prater, D. A., Meakin, B. J., Rowe, R. C. & Wilde, J. S. (1978) The efect of some 
formulation and process variables on the surface roughness of film-coated tablets. 
Journal of  Pharmacy and Pharmacology, 30, 669-672. 
 
Prater, D. A., Meakin, B. J., Rowe, R. C. & Wilde, J. S. (1981) A technique for 
investigating changes in the surface roughness of tablets during film coating. Journal 
of  Pharmacy and Pharmacology, 33, 666-668. 
 
Rege, B. D., Gawel, J. & Kou, J. H. (2002) Identification of critical process variables 
for coating actives onto tablets via statistically designed experiments. International 
Journal of Pharmaceutics, 237, 87-94. 
 
Rippie, E. G. & Morehead, W. T. (1994) Structure evolution of tablets during 
compression unloading Journal of Pharmaceutical Sciences, 83, 708-715. 
 
Rogers, T., Sheskey, P., Furukawa, H., Mallon, C., Trampe, M. & Holbrook, D. 
(2008) Investigation of a novel hypromellose polymer for high productivity tablet 
coating applications. Annual Meeting and Exposition of the American Association of 
Pharmaceutical Scientists (AAPS). Atlanta, Georgia. 
 
Romero-Torres, S., Perez-Ramos, J. D., Morris, K. R. & Grant, E. R. (2005) Raman 
spectroscopic measurement of tablet-to-tablet coating variability. Journal of 
Pharmaceutical and Biomedical Analysis, 38, 270-274. 
 
Romero-Torres, S., Perez-Ramos, J. D., Morris, K. R. & Grant, E. R. (2006) Raman 
spectroscopy for tablet coating thickness quantification and coating characterization 
in the presence of strong fluorescent interference. Journal of Pharmaceutical and 
Biomedical Analysis, 41, 811-819. 
 
Rowe, R. C. (1980) The expansion and contraction of tablets during film coating - A 
possible contributory factor in the creation of stresses within the film Journal of 
Pharmacy and Pharmacology, 32, 851-851. 
 
Rowe, R. C. (1981a) The adhesion of film coatings to tablet surfaces - A problem of 
stress distribution Journal of Pharmacy and Pharmacology, 33, 610-612. 
 
Rowe, R. C. (1981b) The cracking of film coatings on film coated tablets - A 
theoretical approach with practical implications Journal of Pharmacy and 
Pharmacology, 33, 423-426. 
 
Rowe, R. C. (1981c) The effect of the particle size of an inert additive on the surface 
roughness of a film coated tablet Journal of Pharmacy and Pharmacology, 33, 1-4. 
 
Rowe, R. C. (1983a) Modulus enhancement in pigmented tablet film coating 
formulations International Journal of Pharmaceutics, 14, 355-359. 
206 
 
Rowe, R. C. (1983b) A reappraisal of the equations used to predict the internal 
stresses in film coatings applied to tablet substrates Journal of Pharmacy and 
Pharmacology, 35, 112-113. 
 
Rowe, R. C. (1988) Tablet-tablet contact and mutual rubbing within a coating drum - 
An important factor governing the properties and appearance of tablet film coatings. 
International Journal of Pharmaceutics, 43, 155-159. 
 
Rowe, R. C. & Forse, S. F. (1980) The effect of polymer molecular weight on the 
incidence of film cracking and splitting on film film coated tablets. Journal of 
Pharmacy and Pharmacology, 32, 583-584. 
 
Rowe, R. C. & Forse, S. F. (1982) Bridging of intagliations on film coated tablets 
Journal of Pharmacy and Pharmacology, 34, 282-282. 
 
Rowe, R. C. & Forse, S. F. (1983) Pitting - A defect on film-coated tablets 
International Journal of Pharmaceutics, 17, 347-349. 
 
Rowe, R. C. & Roberts, R. J. (1992) Simulation of crack-propagation in tablet film 
coatings containing pigments International Journal of Pharmaceutics, 78, 49-57. 
 
Ruotsalainen, M., Heinamaki, J., Antikainen, O. & Yliruusi, J. (2002) Time-
dependent dimensional changes and film adhesion of coated tablets. Stp Pharma 
Sciences, 12, 385-389. 
 
Ruotsalainen, M., Heinamaki, J., Taipale, K. & Yliruusi, J. (2003) Influence of the 
aqueous film coating process on the properties and stability of tablets containing a 
moisture-labile drug. Pharmaceutical Development and Technology, 8, 443-451. 
 
Sadeghi, F., Ford, J. L., Rubinstein, M. H. & Rajabi-Siahboomi, A. R. (2000) 
Comparative study of drug release from pellets coated with HPMC or surelease. Drug 
Development and Industrial Pharmacy, 26, 651-660. 
 
Sandadi, S., Pandey, P. & Turton, R. (2004) In situ, near real-time acquisition of 
particle motion in rotating pan coating equipment using imaging techniques. 
Chemical Engineering Science, 59, 5807-5817. 
 
Sasic, S. (2007) Raman mapping of low-content API pharmaceutical formulations. I. 
Mapping of alprazolam in Alprazolam/Xanax tablets. Pharmaceutical Research, 24, 
58-65. 
 
Sauer, D., Zheng, W., Coots, L. B. & Mcginity, J. W. (2007) Influence of processing 
parameters and formulation factors on the drug release from tablets powder-coated 
with Eudagrit L 100-55. European Journal of Pharmaceutics and Biopharmaceutics, 
67, 464-475. 
 
Sawada, T., Kondo, H., Nakashima, H., Sako, K. & Hayashi, M. (2004) Time-release 
compression-coated core tablet containing nifedipine for chronopharmacotherapy. 
International Journal of Pharmaceutics, 280, 103-111. 
207 
 
Schultz, P., Tho, I. & Kleinebudde, P. (1997) A new multiparticulate delayed release 
system .2. Coating formulation and properties of free films. Journal of Controlled 
Release, 47, 191-199. 
 
Schwartz, J. B. (2001) Scale-up of the compaction and tableting process. IN Levin, 
M. (Ed.) Pharmaceutical Process Scale-up. New York, USA, Marcel Dekker Inc. 
 
Seitavuopio, P., Heinamaki, J., Rantanen, J. & Yliruusi, J. (2006) Monitoring tablet 
surface roughness during the film coating process. Aaps Pharmscitech, 7. 
 
Shelukar, S., Ho, J., Zega, J., Roland, E., Yeh, N., Quiram, D., Nole, A., Katdare, A. 
& Reynolds, S. (2000) Identification and characterization of factors controlling tablet 
coating uniformity in a Wurster coating process. Powder Technology, 110, 29-36. 
 
Silva, G. D., Publio, M. C. P. & Oliveira, W. P. (2001) Evaluation of the tablet 
coating by the conventional spouted-bed process. Drug Development and Industrial 
Pharmacy, 27, 213-219. 
 
Sinha, V. R., Singh, A., Singh, S. & Bhinge, J. R. (2007) Compression coated systems 
for colonic delivery of 5-fluorouracil. Journal of Pharmacy and Pharmacology, 59, 
359-365. 
 
Sohi, H., Sultana, Y. & Khar, R. K. (2004) Taste masking technologies in oral 
pharmaceuticals: Recent developments and approaches. Drug Development and 
Industrial Pharmacy, 30, 429-448. 
 
Tan, B. X., Wang, L., Liew, C. V. & Heng, P. W. S. (2011) Development of non-
contact tablet dimension measurement using laser triangulation. Trends in industrial 
measurements and automation Chennai, India. 
 
Tang, E. S. K., Chan, L. W. & Heng, P. W. S. (2005) Coating of multiparticulates for 
sustained release. American Journal of Drug Delivery, 3, 17-28. 
 
Tang, E. S. K., Liew, C. V., Er, D. Z. L., Liu, X. H., Wigmore, A. J. & Heng, P. W. S. 
(2007) Study of coat quality of tablets coated by an on-line supercell coater. AAPS 
Pharmscitech, 8, 7. 
 
Tang, E. S. K., Wang, L., Liew, C. V., Chan, L. W. & Heng, P. W. S. (2008) Drying 
efficiency and particle movement in coating - Impact on particle agglomeration and 
yield. International Journal of Pharmaceutics, 350, 172-180. 
 
Thies, C., Santos, I. R. D., Richard, J., Vandevelde, V., Rolland, H. & Benoit, J. P. 
(2003) A supercritical fluid based coating technology. 1 - Process considerations. 
Journal of Microencapsulation, 20, 87-96. 
 
Thomas-Engineering (2008) Thomas Engineering continuous coater. Total coverage, 




Tobiska, S. & Kleinebudde, P. (2003a) Coating uniformity and coating efficiency in a 
Bohle Lab-Coater using oval tablets. European Journal of Pharmaceutics and 
Biopharmaceutics, 56, 3-9. 
 
Tobiska, S. & Kleinebudde, P. (2003b) Coating uniformity: Influence of atomizing air 
pressure. Pharmaceutical Development and Technology, 8, 39-46. 
 
Tsm (2006) Tableting specification manual, APhA Tableting Specification Steering 
Committee. Washington DC, USA, McGraw-Hill Medical. 
 
Twitchell, A. M., Hogan, J. E. & Aulton, M. E. (1995) Assessment of thickness 
variation and surface-roughness of aqueous film-coated tablets using a light-section 
microscope Drug Development and Industrial Pharmacy, 21, 1611-1619. 
 
Varghese, I. & Cetinkaya, C. (2007) Non contact photo-acoustic defect detection in 
drug tablets. Journal of Pharmaceutical Sciences, 96, 2125-2133. 
 
Wagner, K. G., Krumme, M. & Schmidt, P. C. (2000) Pellet containing tablets. 
Examination of distribution and deformation behaviour. S.T.P Pharma Sciences, 10, 
327-332. 
 
Walter, K. T. (1998) Apparatus for coating solid particles. IN Office, U. S. P. A. T. 
(Ed.) 718 764. United States. 
 
Walter, K. T. & Neidlinger, M. A. (2001) Apparatus for coating tablets. IN Office, U. 
S. P. A. T. (Ed.) 6,209,479. United States. 
 
Wang, J. Z. Y. & Bogner, R. H. (1995) Solvent free film coating using a novel 
photocurable polymer. International Journal of Pharmaceutics, 119, 81-89. 
 
Wesdyk, R., Joshi, Y. M., Jain, N. B., Morris, K. & Newman, A. (1990) The effect of 
size and mass on the film thickness of beads coated in fluidized bed equipment. 
International Journal of Pharmaceutics, 65, 69-76. 
 
Whiteman, M., Hallet, M. D., Feather, D. H., Nelson, D. H. & Gazza, J. M. (2003) 
Electrostatic application of powder material to solid dosage forms. PCT Int. Appl. 
 
Wikstrom, H., Romero-Torres, S., Wongweragiat, S., Williams, J. A. S., Grant, E. R. 
& Taylor, L. S. (2006) On-line content uniformity determination of tablets using low-
resolution Raman spectroscopy. Applied spectroscopy, 60, 672-681. 
 
Wilson, K. E. & Crossman, E. (1997) The influence of tablet shape and pan speed on 
intra-tablet film coating uniformity. Drug Development and Industrial Pharmacy, 23, 
1239-1243. 
 
Wirth, M. (1991) Instrumental color measurement - A method for judging the 
appearance of tablets Journal of Pharmaceutical Sciences, 80, 1177-1179. 
 
Zografi, G. (1988) States of water associated with solids Drug Development and 




















VII  LIST OF PUBLICATIONS 
 
Journal publications: 
C. Cahyadi, A.D. Karande, L.W. Chan, P.W.S. Heng (2010). Comparative study of 
non-destructive methods to quantify thickness of tablet coatings. International Journal 
of Pharmaceutics, 398, 39-49 
C. Cahyadi, P.W.S. Heng, L.W. Chan (2010). Optimization of process parameters for 
a quasi-continuous tablet coating system using Design of Experiments. AAPS 
PharmSciTech. (DOI: 10.1208/s12249-010-9567-9) 
 
C. Cahyadi, L.W. Chan, P. Colombo, P.W.S. Heng (2011). The butterfly effect: a 
physical phenomenon of hypromellose matrices during dissolution and the factors 
affecting its occurrence, International Journal of Pharmaceutics, 406, 31-40 
C. Cahyadi, L.W. Chan, P.W.S. Heng (2011). The reality of in-line tablet coating. 
Pharmaceutical Development and Technology. (DOI: 
10.3109/10837450.2011.586039) 
 
Manuscripts in preparation: 
 
C. Cahyadi, E.S.K. Tang, D.Z.L. Er, L.W. Chan, P.W.S. Heng (2011). Quantitative 
assessment of coat quality for tablets coated by the quasi-continuous Supercell tablet 
coater.  
 
C. Cahyadi, L.W. Chan, P.W.S. Heng (2011). A comparative study of tablet coating 
using the Supercell coater and the conventional pan coater. 
 
C. Cahyadi, L.W. Chan, P.W.S. Heng (2011). A comparative study between 
conventional pan coating and Supercell coating on the stability of tablets containing 
acetylsalicylic acid. 
 
C. Cahyadi, B.X. Tan, L.W. Chan, P.W.S. Heng (2011). A study on in-line tablet 
coating – the influence of compaction and coating on tablet dimensional changes. 
 
C. Cahyadi, J.J.S. Koh, Z.H. Loh, L.W. Chan, P.W.S. Heng (2011). A feasibility 
study on pellet coating using a quasi-continuous article coater. 
 
C. Cahyadi, W. Sasithornwetchakun, L.W. Chan, P.W.S. Heng (2011). Use of non-
destructive spectroscopic methods to generate product fingerprints of tablets prepared 







C. Cahyadi, E.S.K. Tang, L.W. Chan, P.W.S. Heng (2008). Quantitative assessment 
of coat uniformity for tablets coated by the quasi-continuous tablet coater. ASEAN 
Scientific Conference in Pharmaceutical Technology. Penang, Malaysia. 
 
C. Cahyadi, L.W. Chan, P.W.S. Heng (2009). Optimization of process parameters for 
Supercell coating using Design of Experiments. American Association of 
Pharmaceutical Scientists (AAPS) Annual meeting and Exposition. Los Angeles, 
USA. 
 
J.J.S. Koh, C. Cahyadi, Z.H. Loh, P.W.S. Heng (2011). A feasibility study of pellet 
coating using the Supercell coater. 7
th
 NUS-AAPS Student Chapter Symposium. 
Singapore, Singapore. (Winner of Best Poster) 
 
C. Cahyadi, L.W. Chan, P.W.S. Heng (2011). Suitability of a newly developed air 
fluidization coater for the coating of tablets containing moisture-sensitive drugs. 3
rd
 
PharmSciFair. Prague, Czech Republic. 
 
C. Cahyadi, P.W.S. Heng, L.W. Chan (2011). The influence of high-speed air-
fluidization coating on the surface characteristics of tablet coats. 5
th
 Asian Association 
of Schools of Pharmacy meeting. Bandung, Indonesia.  
 
C. Cahyadi, L.W. Chan, P.W.S. Heng (2011). High-speed air suspension in-line tablet 
coating. American Association of Pharmaceutical Scientists (AAPS) Annual meeting 
and Exposition. Washington D.C., USA.  
 
 
1 
 
 
